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PREFACE 


The main object of tbe work here submitted to the reader is to exhibit a 
view of the labours of successive enquirers in establishing a knowledge 
of the mechanical principles which regulate the movements of the celestial 
bodies, and in explaining the various phenomena relative to their physical 
constitution which observation with the telescope has disclosed. It may, 
perhaps, be desirable to trace out briefly the plan I have pursued in 
•attempting to execute this undertaking. 

The first part of the work, extending to the close of the thirteenth 
chapter, is devoted to the history of tho Theory of Gravitation. In 
the first and third chapters I have endeavoured to give some account 
of the immortal discoveries by which Newton establislied this theory 
in its utmost generality. Tho reseai'ches of the learned Prof, Rigaud 
have recently disclosed some interesting details respecting tho original 
publication of the Principia, of which I have not failed to avjiil myself in 
the execution of this portion of the work. 

The future history of Celestial Mechanics naturally admits of a division 
into two distinct periods. The first comprehends the researches of 
geometers from the time of Newton to the commencement of the nine¬ 
teenth century. Towards tho close of this period tlie analytical methods 
devised for the devolopernent of tho Theory of Gravitation had attained a 
high state of perfection, and the various phenomona wliic.h had seemed 
ii’reconcilablo with its principles, wore all satisfactorily accounted lor. 
Tho second period embraces tlie furthor dovelopement of tho theory down 
to the present time. 

The third and following chaiyters to tho ninth inclusive, are dovotod to 
the first of tho above-nicmtioncd periods. The third chapter contains an 
account of the early researclios of Ruler, Glairaut, and I)’Al6ml)0rt on 
tho Problem of ''I’liree Bodies, and of t.ho application of their respec^tivo 
solutions to the lunar theory. Tho difllculty which for some time at¬ 
tended tho compirtation of tlio movement of tho lunar apogee, was at 
length effectually removed l)y Glairaut, and the triumpli of the Newtonian 
principles was practically exhibited in tho construction of lunai.’ tables by 
Mayer, which possessed sufficient accuracy to be employed with coiifidonco 
in the solution of the great Problem of the Longitude. 

It is a curious fact that, in tho original edition of the Principia, Nowtout 
gave the results of an investigation of the movement of tlie lunar apogee, 
which seemed to imply that he had treated the subject by a method of a suf¬ 
ficiently comprehensive character. These results wore suppressed by liim 

in the second edition, doubtless in consequence of their not exhiluting so 
• a ^ 



complete an accordance with observation as was manifest in liis other 
researches on the lunar theory That Newton really was in possession of 
a method adequate to a complete investigation of the subject, is rendered 
still further probable by the recent researches of Mr. Adams, who, by the 
aid of geometrical considerations, analogous to those expounded with so 
much elegance in the Principia, has obtained results relative to the move¬ 
ment of the lunar apogee, which present a complete accordance wdth 
observation. 

The fourth chaj)ter is devoted to tho early researches of geometers on 
the perturbations of the planets and the stability of the planetary s^’^stem. 
While occupied with the former of these subjects, the illustrious Euler 
devised a method of investigation which must he regarded as one of the 
most remarkable in tho annals of science. It consisted in regarding tho 
per’turbations of a planet as arising from an incessant change in the 
elements of its elliptic motion. This fertile idea was destined to acquire 
an immense developement from the labours of succeeding geometers. 

The sublime results which the analj'tical researches of Eagrange and 
Eaplace have disclosed, relative to the stability of the planetary system, 
while they have served to invest astronomical science with additional 
features of interest, are entitled to be classed among tho noblest triumplis 
which the human mind has achieved in the iiivestigation of the laws of 
the physical universe. The labours of tlicse great geometers, which were 
of a kindred nature throughout their whole cai'cer, are on this occasion 
more especially interlaced. As some misajpprohonsion appears to have 
not unfrequcntly arisen from this circumstance, I have endeavoured, hy a 
cai’eful reference to the volumes of tlie Academy of Sciences and other 
original sources, to exhibit the results independently arrived at by each 
geometer in tho course of his researches on the subject. 

The fifth chapter contains an account of tho physical explanation of the 
groat inequality in the mean longitudes of Juj)iter and Saturn, and of the 
secular inequality in the mean motion of the Moon, as well as an allusion 
to several points of minor importance in tho Theory of Gravitation. Tho 
irregularities in the mean longitudes of Jupiter and Saturn long continued 
to form an inexplicable enigma to geometers. In vain did Euler employ 
all the resources of liis fertile geuius in endeavouring to account for their 
existence hy the principles of the Theory of Gravitation. Equally fruitless 
was tho result of Eagrjxngo’s application of his commanding powoi’s of 
analytical research to the subject. It was reserved for Eaplaco to detect 
tho true origin of these anomalous xdienomena in the mutual action of 
the two planets. 

Perhaps a still more remarkable result, duo to the same geometer, was 
tbe explanation of tho secular inequality in the mean motion, of the Moon. 
The records of certain eclipses of the Moon observed at Babylon about 
seven hundred j’-ears before the Christian era, wheil comx>ared with obser¬ 
vations of similar phenomena by the Arabian astronomers about tho tenth 

* Sec Appendix IV. 
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century, seemed to indicate that the Moon’s angular velocity round the 
Earth was subject to a slow acceleration. This fact was confirmed be3^ond 
all doubt by th© observations of modern astronomers ; but its existence 
seemed absolutely irreconcilable with the results to which geometers were 
conducted by their researches on the Theory of G ravitation. The physical 
cause of this acceleration continued to escape the analytical scrutinies of 
Euler, Eagrange, and Eaplace, until at length the sagacity of the last- 
mentioned geometer led to its detection. 

The sixth chapter is devoted to an account of tho labours of geometers 
on the Figure of the Earth, the Precession of the Equinoxes, the 
Eibration of the Moon, and other kindred subjects. By an ingenious 
application of his researches on the attraction of spheroids, ISfewton rigor¬ 
ously determined the ellipticity of the Earth, upon the supposition of its 
density being uniform, and of tho figure of an oblate spheroid being com¬ 
patible with tho conditions of equilibrium of a fluid mass. The truth of 
the last-mentioned supposition was afterwards demonstrated by Maclaurin 
with all the elegance and rigour of tlio ancient geometr^^ With respect to 
tho internal structure of tlie Earth, the ellipticity deduced from tho 
measurement of arcs of the meridian was totally at vaiianco with the 
supposition of its liomogeneit.y. It was reserved for Clairaut to determine 
the ellipticity on the more probable h^q’iotliosis of tlio strata increasing in 
density towards the centre of tho Earth. 

The Procession of the Equinoxes is beyond doubt the most remark¬ 
able of all the perturl>ativc cHects l)y which tho planetary system is cha¬ 
racterised. Its original discovery as jx siderxnil phenomenon is duo to the 
groat astronomer Hipparchus. Tho explanation of its true character 
was first given by Gopcrnicus, who slicwed that it might arise from a 
conical motion of the bjarth’s axis. Tho question relative to tlie |)Iiiysical 
cause of this singular movement continued to bo involved in impenetrable 
mj'stery, until at length Newton discovered its origin in the disturliing 
action of tho Sim and INIooii upon tlio redundant matter accumulated round 
the terrestrial equator. Tlie sul>sc<pient discovery of tho Nutation of tlie 
Earth’s Axis by Bradley introduced a new cause of complication into 
tlio subject. The complete sohitiun of the problem of tho Earth’s motion 
round its centre of gravity, liy a rigorous application of tho principles of 
Mechanical Science, was reserved for D’Alembert. Tho subject of the 
Eibration of tlie Moon, which is noticed in the same chapter, exhibits 
anotlier striking illuHtration of tho compirehonsivo character of the Theory 
of Gravitation in assigning the physical explanation of the various phe¬ 
nomena relative to the movements of theeelestial bodies. The researobes 
of Newton on this subject were perfected by Eagrauge, wlio succeeded in 
obtaining results which accorded in a most satisfactory manner with those 
deduced from oliservation. 

The seventh and eightlx chapters embrace a somewhat detailed history 
of the tlxeory of Jupiter’s satellitos. In tho sovcntli cliaxder I have given 
ah account of the original discoverv of these bodies by tho illustrious 
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complete an accordance witli observation as was manifest in bis other 
researches on the lunar theory That Newton really was in possession of 
a method ade(puate to a complete investigation of the subject, is rendered 
still further probable by the recent researches of Mr- Adams, who, by the 
aid of geometrical considerations, analogous to those expounded with so 
much elegance in the Principia, has obtained results relative to the move¬ 
ment of the lunar apogee, which present a complete accordance with 
observation. 

The fourth chapter is devoted to the early researches of geometers on 
the perturbations of the planets and the stability of the planetary S3’'stcm. 
While occupied with the former of these subjects, the illustrious Euler 
devised a method of investigation which must he regarded as one of the 
most remarkable in the annals of science. It consisted in regarding the 
pei^turhatioiis of a planet as arising from an incessant change in the 
elements of its elliptic motion. This fertile idea was destined to acqniro 
an immense developement from the labours of succeeding geometers. 

The sublime results which the analj^tical researches of Eagrange and 
Laplace have disclosed, relative to the stability of the planetary system, 
while they have served to invest astronomical science with additional 
features of interest, are entitled to be classed among the noblest triumphs 
which the human mind has achieved in the iTivostigation of the laws of 
the physical universe. The labours of these great geometers, wdiicli were 
of a kindred nature throughout their whole career, are on this occasion 
more osjoecially interlaced. As some niisapprohension appears to have 
not unfrequently arisen from this circumstance, I have endeavoured, by a 
careful reference to the volumes of the Academy of Sciences and other 
original sources, to exhibit the results independently ai'rivcd at hy each 
geometer in the course of his researches on the. subject. 

The fifth chapter contains an account of the physical explanation of the 
great inequality in the mean longitudes of Jaj)itcr and Satui'n, and of the 
secular inequality in the mean motion of the Moon, as well as an allusion 
to several points of minor importance in the Theory of Gravitation. The 
irregularities in the mean longitudes of Jupiter and Saturn long continued 
to form an inexplicable enigma to geometers. In vain did Euler employ 
all the resources of his fertile genius in endeavouidng to account for Ihcir 
existence hy the principles of the Theory of Gravitation. Equally fruitless 
Avas the result of Lagrange’s application of his commanding pOAvers of 
analytical research to the subject. It w’as reserved for Xjaplace to detect 
the true origin of theso anomalous phenomena in the mutual action of 
the two pdanets. 

Perhaps a still more remarkable result, duo to tlic same geometer, was 
the explanation of the secular inequality in the mean motion of the Moon. 
The records of certain eclipses of the Moon observed at Babylon about 
seven hundred year's before the Christian era, Avhen compared with ohsor*- 
vations of similar phenomena hy the Arabian astronomers about the tenth 


^ See Appendix IV. 
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century, seemed to indicate that the Moon’s angular velocity round the 
Earth was subject to a slow acceleration. This fact was confirmed beyond 
all doubt by the observations of modern astronomers; but its existence 
seemed absolutely irreconcilable with the results to which geometers were 
conducted by their researches on the Theory of Gravitation. The physical 
cause of this acceleration continued to escape the analytical scrutinies of 
Euler, Lagrange, and Laplace, uiitil at length the sagacity of the last- 
mentioned geometer led to its detection. 

The sixpi chapter is devoted to an account of the labours of geometers 
on the Eigure of the Earth, the Precession of the Equinoxes, the 
Libration of the Moon, and other kindred subjects. By an ingenious 
application of his researches on the attraction of spheroids, Newton rigor¬ 
ously determined the ellipiticity of tlie Earth, upon the supi)ositiou of its 
density being uniform, and of the figure of an oblate spheroid being com¬ 
patible with the conditions of equililnium of a fluid mass. The truth of 
the last-mentioned supposition was afterwards demonstrated by Maclaurin 
with all the elegance and rigour of the ancient geomehy. With i*cspcct to 
the internal structure of tlie Earth, tlie ollipticity deduced from the 
measurement of arcs of the meridian was totally at variance with the 
supposition of its homogeneity. It was reserved for Glairaut to determine 
the ellipticity on tlia more probable hypothesis of the strata increasing in 
density towards the centre of the Earth. 

Tho Precession of the Plqiiinoxes is beyond doubt the most remark¬ 
able of all the perturbative effects by whicli the planetary system is eba- 
ractorised. Its original discovery as a sidca'eal p)heiiomenon is duo to tho 
groat aslronoinor Hipparchus. Tlio explanation of its true character 
w'as first given by Oopernicus, who shewed that it might arise from a 
conical motion of the I^jarili’s axis. Tho (piestion relative to the physical 
cause of this singular riiovciuout continued to bo involved in impenetrable 
mystery, until at length Newton discovered its origin in tho distarl>ing 
action of the Sun and Moon upon the redundant matter accumulated round 
the terrestrial equator. Tlio subse<piont discovery of tho Nutation of the 
Earth’s Axis by Bradley introduced a now cause of complication into 
tho subject. Tlie complete solution of tlio problem of tlio Earth’s motion 
round its centre of gravity, liy a rigorous application of the jiriuciplos of 
Mechanical Sciunco, was reserved for D’Alombcrt. The subject of tlie 
Xdbration of tlio Moon, •wliicli is noticed in the same chapter, exhibits 
another striking illustration of tlio comprelionsivo character of tho Theory 
of G ravitation in assigning the physical expilanation of the various pilio- 
noinona relative to the movements of the celestial bodies. Tho researches 
of Newton on this subject were perfected by Lagrange, who succeeded in 
obtaining results which accorded in a most satisfactory manner with those 
deduced from olisorvation. 

Tlio seventh and eighth cliapters embrace a somowhat detailed history 
of the tlieory of Jupiter’s satellites. In the seventh chapiter X liave given 
ail account of the original discovery of these bodies by tho illustrious 
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G-alileo, and of the labours of subsequent astronomers in establishing 
the laws of their complicated movements. The eighth chapter exhibits a 
view of the researches of geometers, having for their object the explana¬ 
tion of these laws by the Theory of Gravitation. Some of the most 
curious effects of perturbation occur in this beautiful system. The results 
are mainly due to Lagrange and Laplace. The powerful character of 
the analysis which Laplace employed in these researches, is remarkably 
exhibited in the determination of the ellipticity of Jujjiter by means of 
the derangements which the redundant matter accumulated round the 
equator of the planet occasions in the motions of the satellites. The 
illustrious geometer even boldly asserted, that the result thus derived 
from theory was entitled to greater reliance than that obtained by direct 
measurement with the micrometer! 

The ninth chapter commences with a brief notice of the labours of 
geometers on some of the more hidden effects of perturbation. One of 
the most interesting of these is the gradual diminution of the obliquity 
of the ecliptic, occasioned by the disturbing action of tho planets on 
the earth. The sublime results arrived at by Lagrange and Laplace, 
relative to the stability of the planetary system, assui’e us that such a 
diminution wall not continue indefinitely, but that after a cei'tain limit of 
obliquity has beon attained, tlie angle contained between tho planes of tho 
ecliptic and the equator will then commence to open out. This process 
will continue until the obliquity attains a certain maximum value, wlion 
the increase will be converted again into a diminution, and thus the 
inclination of tho two planes will continually oscillate between fixed 
limits prescribed by the intensity of tho disturbing forces. It follows as 
a necessary consequence, that the climate of any particular country will 
not undergo an essential change from this cause, such aw would inevitably 
ensue if the equator and ecliptic wore ever to coincide, or to form with 
each other an angle of ninety degrees. Thus the more profoundly does 
analysis penetrate into the operations of nature, tho more admirable is tho 
harmony which appears to pervade her various arrangements. 

The subject of Comets was one of tho severest tests to which tho Theory 
of Gravitation was submitted during tho early period of its history. Those 
bodies seemed to be so destitute of any coherent structure, smd at tho 
same time so cai)ricious in thoir movements, that tho attempt to make 
them the groundwork of strict investigation was long considered to bo 
attondod witli iusupcrable dilTicultics. ISTowton, however, perceived, with 
characteristic sagacity, that, however ovanoscent might bo tho physical 
constitution of Comets, their material structiiro would subject them to the 
infiuoiiGO of tho principle of Gravitation ; and, in pursuance of this idea, 
he framed a theory of their movements, according to which they all 
revolved m orbits resembling one or other of the conic sections, having tho 
sim in tho common focus. The apparition of tho great comet of 1(380 fur- 
aiishcd him with the means of obtaining a complete verification of his theory. 
By a rigorous discussion of its observed positions he demonstrated incon- 
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testal)ly that the comet revolved in an orbit which sensibly coincided with 
a parabola, and that the line joining it and the sun described equal areas 
in equal times. Halley applied Newton’s theory to a vast number of 
recorded observations of comets, and among the results to wdiich he was 
led he arrived at the conclusion that the comet of would again pass 

through its perihelion in the year 1758 or 1750. The actual return of 
this celebrated comet, agreeably to tho prediction of Halley, is familiar 
to every reader. The effects of planetary porturbation were calculated 
beforehand by Clairaut, who succeeded in fixing the timo of return with 
remarkable precision. This was unquestionably one of the greatest tri¬ 
umphs which had yet been achieved in the develo|)ement of the Tboory of 
Gravitation. The general theory of the Perturbations of Cometary Bodies 
was a few years afterwards simplified and improved by Xjugrango. 

The ninth clmpter closes with a brief allusion to the Mecanique Celeste. 
Tbe publication of that immortal work forms an important landmai’k in 
tho history of Physical Astronomy. The Theory of Gravitation, after 
being subjected to a succession of severe ordeals, from eacli of wbieli it 
emerged in triumph, finally assumes an attitude of iinposiiig nuyesty, 
which repels all further question respecting tlie validity of its prin- 


Tho tenth chapter introduces tho secoiid period in the Instorj of the 
Theory of Gravitation. It commences with an account of tlio interesting 
results obtained by geometers, about the beginning of tlio present century, 
relative to tho valuations of tlic clemoiits of tlie planetary orbits. Tho 
highly-rcrmed method of investigation duo originolly to tlio genius of 
Blulor, by which tlio pcrtiuiiatioiiH of a planet a,re supposed to nrise from 
a continuous variation of the elements of elliptic motion, was now carried 
to a state of unexampled perl'cetion ly Jingrange, a,ml by the combined 
labours of that illustrious geometer and I’oisson, was rendtu'ed applicable 
to all the great problems of the system of tlie world. 

After a biief notice of some of tlie nictliods oinployed by modern 
geometers in their researches on planetary jicrturbation, ilio cdiaptcr 
closes with an account of tlie recent imiirovemeuts in the lunar theory. 
The irregularities in the Moon's longitude, wliidi, tlirouglioiit the greater 
part of the nineteenth century, continued to oei*asion great emliarrassment 
to astronomers and mathematicians, finally assumed a definite character, 
which rendered them a feasible subject of inveBtigation with respect to 
their physical origin, when tho vast mass of the Greenwich observations, 
extending from. .1750 to 1880, were subjected to a comprehensive discus¬ 
sion by the present Astronomer Iloyal, and new correctionB of the 
elements of the lunar orbit wore deduced. Mori'over, Borne hidden 
inequalities, which hitherto had totally c'seaped the notice of astronomers, 
and which seemed to be irreconcilable with theory, emerged from this 
important discussion. Tlie explanation of the origin of tlioso various 
anomalies'* by M. Hansen, forms an epoch of great importance in the 
history of Bhysical Astronomy. Tho complicated movemoiits of the 
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Moon, -wliich. liad occupied the attention of mankind from the earliest 
ages in the histoi'y of civilisation, upon which a long succession 
of illustrious astronomers and mathematicians had exerted their utmost 
powers of research, were at length completely analyzed, their laws clearly 
traced out, and the various resulting inequalities accounted for in strict 
accordance with the Theory of aravitation. The consummation of this 
great achievement constitutes a new laurel in the wreath of the Royal 
Observatory of Greenwich, while it imperishahly associates the already 
illustrious names of Airy and Hansen with the history of one of the most 
important dexwtments of Astronomical Science. 

The eleventh chapter is devoted to an account of the recent I'esearches 
of geometers on the ]oarticular cases of joerturbation which occur in tbe 
Xolanetary system. Among the more important subjects which it embraces 
may be meiationed the discovery of the long inequality in tho mean lon¬ 
gitudes of the Earth and Venus, hj’’ Airy; the investigation of the per¬ 
turbations of Halley’s comet, on the occasion of its passage of tho pori- 
helioii in 1835, hy Rosenberger, Pontecoulant, and other geometers ; tho 
interesting researches of To Verrier on various cases of comctary per¬ 
turbation ; the completion of Lagrange’s labours on the Eibration of tho 
Moon, by Poisson; the determination of the ellix>ticity and mean density 
of the Earth, by Bessel and other enquirers ; the final researches of Poisson 
on tho motion of the Earth about its centre of gravity, and the invariability 
of the Sidereal Year; and the definitive detection of periodical oscillations 
ill the Atmosphere depending on the perturbative influence of the Moon. 

In the twelfth and thirteenth chapters I have endeavoured to give an 
account of the theoretical discovery .of the ]?Ianet Neptune, as it resulted 
from an investigation of the perturbations produced in tho motion of 
Uranus. This may jperhaxis bo regarded as the most astonishing conquest 
which the human mind has ever achieved in unfolding tho arrangernonts 
of tho material world. Nor does it tend to diminish our admiration of 
this great discovery, that it is due to the indeiDcnclont researches of two 
contemporary geometers, who, by methods totally dissimilar in their 
details, if not in their essential character, succeeded nearly about the 
same time in determining the position of the disturbing body. The 
brilliant resoarches of M, Eo Verrier on this subject constitute the 
strongest title which he lias yet earned to the admiration of the scientific 
world; while those of Mr. Adams, the other discoverer of tho iilaiict, 
may be justly regarded as tho noblest tribute which ho could oflbr to the 
memory of his illustrious countryman, the great founder of Pliysical 
Astronomy. Some remarks suggested by this discovoiy, wliich it would 
have been inoorivoniont to have inserted in the body of tho work, will be 
found in an Axopendix at tho end. 

The thirteenth chapter closes the history of Celestial Mechanics. 
Physical Astronomy, as usually understood, is conlined to the rosearches 
of geometers oii this subject; but in its more comprehensive sense it 
may bo supposed to embrace the consideration of all tlio iiliysical 
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principles -which arS known to exercise an influence on celestial phe¬ 
nomena, as well as the study of those facts respecting the structure 
of the celestial bodies which admit of being explained by reference to 
established principles of physics. In accoi'dance with this more enlarged 
signification, the subjects noticed in the greater portion of the remainder 
of the work ought to be considered as forming an essential part of Phy¬ 
sical Astronomy. 

The invention of the telescope about the beginning of the seventeenth 
century furnished the astronomer with an instrument of observation, the 
mighty efficacy of which can only be comimred with the aid which the 
infmitesimal calculus affords to the geometer in his researches on the 
effects produced by'the continuous agency of those forces wMoli Nature 
employs in her operations. Armed with such an instrument, the sagacious 
Galileo was soon enabled to announce a multitude of discoveries in the 
heavens, of startling novelty and of tho highest importance. Myriads of 
stars whoso existence liad eluded the scrutinies of tlie naked eye, were 
now seen to illmnino the uufiithomahlc regions of space. Tlie investiga¬ 
tion of the cosmical arrangement of the celestial bodies, and the study 
of their individual structure, were problems unexpectedly found to be 
within the reach of the human faculties. This department of astronomical 
science, no less remarkable for the sentiments whicli it is calculated to 
inspire respecting the grandeur of the material universe, than for tlie 
multitude of instructive and delightful views of tlie physios of the 
celestial regions which it unfolds, has boon prosecuted with ardour by a 
succession of eminent astronomers from Galileo’s time down to tlie pre¬ 
sent day. 

The iourtociitli chapter exhibits a view of tlio progress of researches 
on tlic pltysicul constitution of the bodies of tlio solar system, and also 
includes an account of tlio various discovorios by which, it has boon en¬ 
riched in niodorn times. Tlio ohservationa of the solar spots liave sng- 
gosted some highly interesting speculations respecting the groat central 
liody which foruis the source of tho liglvt and licat of the system. Tho 
Moon, from lior comparative proximity, has naturally given rise to much 
idiysical enquiry.^ Tho observations of tho planets have disclosed a mul¬ 
titude of facts of a highly interesting character. Their rotatory move¬ 
ments round fixed axes with corresponding elliptical figurcss, and the 
diversified appearanco of their surfaces, constitute striking points of 
analogy botween tlunii ami tho hlarth. Tho remarkable phenomena visible 
in the polar regions of Mars, tho belts of Jupiter and Saturn, and the 
wondrous rings of the latter planet, have all furnished abundant materials 
of observation and research. Nor are the satellites wanting in })liysical 
features of an important cliaracter. Tho relation of equality between 
their periods of rotation atid revolution, which, a variation of their bright¬ 
ness, in several instances, lias served to establish, constitutcfs a striking 
point of analogy between them and tho terrestrial satellito, Tlio phend- 



mena accompanying their transits and occultations are also suggestive of 
some interesting speculations. 

This chapter introduces a name which occupies a prominent place in the 
remaining portion of the work—it is the immortal name of William Her- 
schel. To the bulk of the intelligent class of readers this illustrious indi¬ 
vidual appears in the character of an astronomer distinguished by his skil¬ 
ful construction of huge telescopes, which he employed with marvellous 
success in exploring the heavens. To the student who has advanced within 
the precincts of astronomical science, he forms a more exalted object of ad¬ 
miration, as an observer of almost unrivalled acuteness and sagacity, whose 
exquisite faculty of discerument frequently enabled him to arrive at results 
far beyond the scop© of the mere instrumental resources available to him; 
and as a philosopher of the highest order, who, by his originality of thought 
and capacity for comprehensive speculation, succeeded in establishing the 
principles of Sidereal Astronomy upon a broad and indestructible basis. 

The fifteenth chapter contains an account of the progress of enquiry 
on the physical constitution of Comets. These mysterious bodies, beyond 
doubt, perform some important function in the economy of nature, which 
can only be ascertained by attentive observations of the phenomena which 
accompany their various apparitions. 

The sixteenth chapter is devoted to those physical princi|)les whoso 
influence in disturbing the apparent positions of the celestial bodies, or 
in modifying the features of celestial j)hcnomena, must iiec^essarily be 
taken into account before astronomical observations can be rendered avail¬ 
able as the groundwork of ulterior enquiry. It comprehends an account 
of the progress of researches on Precession, llefraction, Aberration, Nuta¬ 
tion, Diffraction, and Irradiation. In the history of llefraction tho mighty 
names of Newton and Daplace reappear with transcendant lustre. The; 
correspondence between Newton and Flamsteed, published by the late 
Mr. Daily, has supplied some interesting materiala connected with tin; 
researches of Newton on this subject. Tlio uncertainty which so long- 
existed respecting the construction of Newton’s table of refractions, wliieh 
Halley originally communicated to the Iloyal Society — wliothor it was 
based upon some physical theory of the subject, or whether it was cal¬ 
culated merely by an empiric process—has been effectually removed by the 
correspondence above referred to. It appears that Newton studied pro¬ 
foundly the theory of Astronomical Refraction, and succeeded in dcLiT- 
mining tho results correspeiuling to various hypotheses respecting the 
physical constitution of the atmosphere. IJis suggestion to i<’lam8tc<.)d, 
recommending the practice of noting the indications of the barometer and 
thermometer, as a desirable accompaniment to astronomi(“.a.I obscjrvations, 
constitutes a striking illustration of tho sagacity by which that groat 
philosopher was distinguished above ordinary onquirers. 

The subjects of Aberration and Nutation are introduced, with an 
account of tho original discovery of these phenomena by the immortal 
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Bradlej. The chapter closes with an account of the most important 
results which have been elicited by the labours of successive enquirers 
on the subject of the Irradiation of Tight. 

The seventeenth chapter is devoted to the history of the physical en¬ 
quiries connected with eclipses of the Sun and Moon, the transits of the 
inferior planets, and other occurrences of a similar character. These 
phenomena are all influenced in so great a degree by Befraction, and the 
other affections of light, that it would have been inconvenient to have 
alluded to them at an earlier stage of the work. This chapter contains a 
soniewljat detailed exposition of the most important facts which have been 
observed on the occasion of the various total eclipses of the Sun recorded 
in history, including an investigation of the conclusions which they are cal¬ 
culated to suggest respecting the physical constitution of the great central 
body of the planetary system. The subject of the transits of Venus has 
naturally suggested a brief notice of the life and labours of the lamented 
Horrocks. There is a deep interest associated with the late of this youthful 
astronomer. Although dwelling in a remote district of Tancashire, in 
almost entire seclusion from the rest of the scientific world, he unquestion¬ 
ably arrived at ajuster apxireciation of Kepler’s discoveries than any of the 
successors of that great astronomer had hitherto done ; while the sagacity 
and originality of his views on various paints relating to astronomy, 
his fertile and glowing imagination, and his ardent enfhusiaBm in the 
pursuit of science—all seemed to foreshadow a career of uncommon bril¬ 
liancy, wdiich a premature death unfortunately soon brought to a close. 
Even his brief labours, however, have assured to him a reputation whicli 
will live imperisliably in the annals of science. By his own countrymen 
lie cannot fail to bo regarded with peculiar interest, as the morning star 
of a galaxy of men of genius, who continued for about a century to adorn 
these isles by their successful cultivation of tlni pliysico-mathematical 
seienooe. The names of Horrocks, Gascoigne, Brouncker, Barrow, Wallis, 
Wren, Gregory, Hooke, Nkwton, Taylor, Bradley, Simpson, and Biaclaurin, 
represent a constellation of sciontiiic enquirers, which for splondour of 
genius and high intellectual endowments has never been surpassed, and 
rarely equalled, during a similar period in the liistory of any nation, whe¬ 
ther of ancient or modern times. 

As any •work relating to astronomical scionco would be incomxflete 
witliout some allusion to the important sulject of observation, the eight¬ 
eenth cliaptor lias been devoted to a condensed acobunt of the pro¬ 
gress of Practical A8tronomy,*from the earliest ages down to tho present, 
time. The annals of physical science do not, jssrhaps, furnish a more 
interesting picture of gradual advancement towards perfection tluin tltat 
whicli exliibits the succeBsivo improvements oiTected in this department of 
astronomy—from the naked estimations of tho Chaldean priests to the 
refined and complicated methods of observation practised by modern astro¬ 
nomers—“from the gnomon and tho clepsydra, in their most rudimentary 
forms, to the transit circle of tho Greenwich Observatory, the pendulum 
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clock of the most improved constraction, and the electro-magnetic record¬ 
ing app^-ratus of the Ai^®^^ican astronomers. 

In this chapter I have given a somewhat detailed account of the Koyal 
Observatory of Greenwich, from its origin down to the present time. The 
observations which have emanated from that noble establishment have 
proved of incalculable service to astronomical science. No other similar 
institution, whether of ancient or modern times, can compare with it in 
this respect. Its history affords an instructive lesson regarding the ad¬ 
vantage to be derived from applying the resources of an observatory to 
some definite object, and maintaining that object in view with unswerving 
constancy of purpose. An uninterrupted succossion of emiuent astro¬ 
nomers, who have directed the labours of this establishment, have con¬ 
tributed to render it the storehouse from which the materials for deter¬ 
mining the elements of Astronomical Science have been mainly derived 
in modern times. With the triumphs of the Theory of Gravitation its 
history is inseparably associated. During the early period of its exist¬ 
ence, it had the glory of supplying Newton with a series of observations, 
which served as a valuable guide to him while engaged in threading liis 
way through the intricacies of the lunar theory, and it has continued ever 
since to furnish almost exclusively the astronomical facts, by an appeal to 
which the successors of that illustrious geometer have been enabled to 
establish the accuracy of their theoretical results. The recent reduction 
of the ontire mass of the Greenwich Observations of the Moon and Pla¬ 
nets, Qxtouding from 1760 to 1830, under the suporintendenco of the 
present Astronomer Royal, is an achievement which, while in respect of 
vastness it has few parallels in the annals of science, at the same time 
forms one of the most valuable acquisitions which Astronomy has received 
during the present century. 

As a fitting sequel to the subject above-mentioned, tho nineteenth chap¬ 
ter contains a brief account of the labours of astronomers in the con¬ 
struction of Catalogues of Stars. It is impossible to exaggorato tlio 
importance of this department of Astronomical Science. Tho x)laces of 
tho stars constitute so many fundamental facts, ux)on wliicli dcx>end all 
exact conclusions relative to the movements of the planetary bodies. 
The labours connected with their determination allbrd amide scope for 
talents of the highest order; but it must be acknowledged that they offer 
little to captivate either tho imagination or the intellect, while at tlio 
same time they demand tlic most arduous exercise of the attention, and 
tho most uuflhicliiug jicrscvcrancc. Desi^itc these disadvantagc.s, there 
liavo not been wanting’ numerous examples of astronomers who, disre¬ 
garding the 6clat which usually attends discoveiy, have devoted tho best 
X:)ortion of their lives to tho construction of a Catalogue of Stars. Da- 
caillo, Piazisi, and Groombridgo will be especially remembered in tho 
annals of astronomy, as individuals who sacrificed their days and nights 
with unwearied assiduity to this object, cheered only by the coiisciousnc.ss 
of tho advantages which posterity would derive from their labours, and 
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by tlie secret cbarm wliicli a constant intercourse wjth natun? ja.ever fails 
to yield. ' t . J.,^ 

The twentieth chapter contains the history of the Telescope. The re¬ 
searches of Yaii Swindon have recently contributed to throw much inte¬ 
resting light upon the original invention of that instrument. 

The tw'enty-jfirst chapter, which completes the work, is devoted to a 
condensed account of the progress of researches in Stellar Astronomy. 
The labours of modern enquirers in tins departmeiit of Astronomical 
Science have led to some conclusions of a highly interesting and important 
nature. The existence of a sensible parallax in the fixed stars—a question 
which has occasioned much anxious investigation from the time of Coper¬ 
nicus down to the present day—has at length been definitively established 
in sevei’al instances by the labours of Bessel, Henderson, Struve, Peters, 
and Maclear. It Is now ascertained beyond all doubt, that light, travelling 
at tlie rate of lOSi.OOO miles in a second, would reqaii*e three years and 
a half to traverse the space between one of the nearest of those lumina¬ 
ries and the earth ! The motion of tlio solar system in space, is another 
of those sublime conclusions which liavc been estahlislied by the re¬ 
searches of modern astronomers. It appears from the labours of Sir 
William Ilerschel and his successors on this subject, that not only do 
the satellites move round the planets, and the planets round the Sun, but 
tliat tlie Sun, witli his whole cortege of j>lanets and satellites, is being 
constantly transported through space to a determinate point in tho heavens, 
revolving, in all probaliility, rouinl tlio centre of gravity of some vast 
system of suns, of which it forms ono of the constituent momlxers. Thus 
the farther tlio human mind i.s allowed to penetrate into tho mechanism 
of the physical universe, tlio more overwlitdming is tho impression pro¬ 
duced of tho surpassing grandeur of its movements, and the more exalted 
is tlie conccqitiou formed of tho Omnipolcut Being wlio constantly pre¬ 
sides over its eoimtloss arrangements. 

To tho Btudont of Oiilostial Plij’^sics, tlio rc-scarclios of astronomers on 
Doulile Stars offer a high degree of intoreBt, iiuusmiich as they serve to 
deraonstrato that tho law of < 5 ravitation, as announced by Newton, actually 
prevails in the mutual action of tliose remote bodies of tlie universe. Tho 
plionomena of Nebuho excited little interest among astronomers until they 
attracted tlio attention of Sir William IlersehcL Tlia vast extent of 
that astronomar’w observations of tlioso object.s, and tlio originality of lus 
views on their physical constitution, had tlie effect of elevating tliom to 
a high degree of importance in sidereal astronomy. The suhseqiiont 
laltours of Sir .Tohn Horsoliel and Bord Rosso, in the same field of onquiiy, 
liavo materially contributed to the advancement of our knowledge resjiect- 
ing those w'onderful structures. 

After a rapid view of tho progress of research on tho various subjects 
aliovo mentioned, allusion is made to tho laliours of astronomers on the 
physical constitution of the Milky Way and the Distribution of the Stars 
in space. Tlio cliapttcr concludes with a brief account of tho interesting 
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M. Struve on the Extinction of Light in its passage through 

‘ SpfLC^,-. 

in the prosecution of these labours I have generally endeavoured to 
elucidate the various facts of history by reference to the fundamental 
principles of astronomical science, adhering as closely as possible to the 
ordinary phraseology of language. Occasionally, however, the subject con¬ 
sidered, does not naturally admit of concise elucidation, so that an adherence 
to this practice would have led to inconvenient—I had almost said in¬ 
terminable—digressions. On the other hand, to have omitted all allusion 
to such subjects would have been to sacrifice the principle of continuity 
which forms so essential an attribute of history, and to present the reader 
with an avowedly mutilated work, I have endeavoured to avoid these two 
extremes, by noticing every fact which seemed to constitute an essential 
link in the chain of historic exposition, but studiously aiming at con¬ 
ciseness in all those instances wherein explanation would be necessarily so 
prolix as to defeat its own object. This remai'k applies more particularly 
to the subjects relating to the Theory of Gravitation. With respect to 
the remaining portion of the work, it is to he hoped that no reader pos¬ 
sessing an ordinary acq[uaintance with the elements of astronomical science 
can experience any difficulty in pursuing it through its details. 

In a work demanding extensive research, and embracing a great variety 
of subjects, some of which are of a very abstruse nature, it is not pro- 
tended that imperfections may not be discovered. I may be permitted, 
however, to state, that it has not been without carefully consulting all the 
original authorities accesssible to me, and bestowing an. attentive con¬ 
sideration upon each subject which it embraces, that I have ventured to 
submit this production to the^, judgment of the public. It is to be hoped 
that the accomplished reader will he enabled to discern in the following 
pages sufficient evidence of .the justness of this statement, to induce him 
to regard with indulgence the shortcomings of the author in so far as liis 
personal abilities are concerned. 

It affords me sincere pleasure to have this opportunity of gratefully 
acknowledging my deep sense of obligation to Captain 11. H. Manners, 
B.N., Secretary of the Royal Astronomical Society, whoso kind encourage¬ 
ment and readiness in promoting my views I beneficially experienced on 
numerous occasions while engaged in preparing these sheets for the 
press. 

11. GRANT. 

London, March 2, 1852. 
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PHYSICAL ASTHONOMY. 


INTEOHUCTION. 

Astbonomy is not only oiio of flic most ancient of tho pbysical. sciences, 
but also one of those which present the most alluriiig invitations to the 
contemplative mind. Tlie starry heavens, spangling with countless himi- 
iiaries of every shade of brilliancy, and re.v<dving in etenial harmony 
round the eartli, constitute one of the most im])osing spectacles wliich 
nature oilers to our oltservation. Tlie waning of tlie j)hicid moon, the 
variety and splendour of tho eoiiskdlations, and tlio dazzling lustre of the 
marniiig and evening star, must in all ages have excited emotions of ad- 
mirsition Jind delight. Bometimes the occurrence of an ecli]).se, or tlio 
sudden appearance of a comet, would ci-cate universal astooishineiit and 
terror; for these unusual plienomciui lia,vo been generally regarded in 
early times as inauifostatioiis of divine disjdeasure, and tho precursors of 
some impending calamity. Hut tho wants of mankind rendered iiidis- 
pensahle some degree of attention to tho appearance of the lieavens, even 
in the rudest slate of society. The sun and moon minister so obviously 
to our sulisistcncc and comfort, tliat tlieir motions could not fail to bo 
watched ivitli interest in all ages, d’ln^ stars, tot), would soon he foimd 
lo suhserve some tisoful piir|)oscs. Ifhe mariner wtudd fmd in tlieni an 
unerring guide, whilt! pursuing his way tlirt»ugh the ocean ; and the Inis- 
handman, by observing th(3 times of their rising and sotting tliroughout 
tlio year, would obtain indications of the cliange of (lie seasons, and would 
thereby bo enabled to regulate tlie labours of tho held. 

Ihit a, ]iow<3rt‘ul incentive to study Astronomy in ea,rly ages originated 
in a delusive opinion, that tlie destinies of liumnn lihi win'O ailccted by 
the aspects and positions of the slni-s. Nor is it to he wondered at that 
these unaj»pron.cli!ible ob;p‘cts shoidd liave Ijccu invested with a mysterious 
inllucnce before science had discloscil their real nature. If tlio sun, by 
advancing ^Yitll miijestic regularity in liis annual cmirso, exercised so lio- 
nigii an intluonco on the animal and vegetable world, the planets, on tlie 
otlier Iiniid, by their waywu.rd ovolationK and ever varying eoiiliguintions, 
appeared, naturally enough to minds iiiibued with imperieiU; notions of tho 
purposes of creation, meetly to foresliadow the (countless vicissitudes of 
liuiimn life. Hence tlie jilionomcna of thc^ ])liincl!(ry mov(nnents wore 
watclu'd with feelings of superstitious uavo ; and all the [carticnlars relat¬ 
ing to t.he,m w<.;re carefully recorded for future guidance. 

it is in Asia, the s<'at of all the early invioitions of mankind, tliat we 
diseern the dawn of this sublime scicmce, d'lic annals of tho Chinese con¬ 
tain tlic earliest records of ceh'st ial phcnoinona; but tho Olialdoau observ- 
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ations are more interesting to Europeans on account of tlieir connexion 
witli modern astronomy- The serene sides and mild climate of central 
Asia were eminently favourable for contemplating the heavens. Accord¬ 
ingly we find that at Babylon eclipses and other phenomena were assidu¬ 
ously observed from a vei’y remote antiquity. 

But mere observation cannot constitute science. Facts, however care¬ 
fully recorded, must be subsequently scrutinized, compared, and classified, 
before any general conclusions can be derived from them, relative to the 
arrangements of the material universe. The astronomers of Asia, al- 
thongii patient observers, do not appear to have in any age aspired to this 
more exalted occupation of the mind. The Greeks first reduced tho 
knowledge relative to the celestial motions into a systematic form. This 
object was not, however, effected during the early period of Grecian his¬ 
tory. The Chaldeans, by coiiiiniug their attention to the mere occurrence 
of phenomena, were unable to ariive at general views of tbe celestial 
motions ; the philosophers of the Grecian schools, on the other hand, long 
wasted their transcendent talents in groundless speculations, which were 
equally ineffectual in producing any permanent influence on tho progress 
of Astronomy. 

Amid tho numheiiess ideas which ];>erpetually occurred to tho specula¬ 
tive minds of the Greek philosophers, it is perhaps not surprising that 
the true system of the world should have suggested itself to them. Py¬ 
thagoras is said to have taught his followers that the sun is iin- 

inoveable in the centre of the universe; and that the earth moves round 
him in an annual orbit. Thi.s S 3 ^stem was first taught publicly by Plii- 
lolaus, and was adopted by several ancient pliilosophers. INTicetas of Syra¬ 
cuse, on the other hand, is said to have explained the diurnal iijjj^efiraneo 
of the heavens by the motion of the earth round a fixed axis. Tho uUi- 
inato ahandoinnent of these sublime doctrines by the Greek philosophers, 
has been attributed to the hostility of the Aristotelians, who had placed 
the earth immoveable in the centre of the universe. It is doubtful, how¬ 
ever, whether they were at anytime suiqwrtcd by sound arguments drawn 
from observation. We know at least that the Pythagoreaiis, like the 
. other sects of the Greek philosophers, were more to indulge in 

sx)eculatioii than to examine facts. 

It was not until the reign of tho Ptolemies commenced at Alexandria., 
that Astronomy, under the munificent patronage of those princes, was 
cultivated as a science of observation and theory. IrliiprAiicuus, who 
flourished about the year IGO a.c., is the most illustrious astronomer oi.” 
antiquity. The island of Rhodes is known to have been the j)riucipal 
scene of Ms labours. lie is also alleged to have made observations at 
Alexandria; but this is a i^oiiit -which cannot be easily decided. This 
gu'eat man -was at onco a mathematician, an observer, and a theorist; and 
in all theso capacities he exhibited powers of genius of the highest order: 
only two or throe individuals can rank with him in the history of physical 
science. We owe to him the earliest catalogue of the stars, and the 
iirst theories of tho sun and moon, in which their motioixs vrere submitted 
to strict calculation. Pie also executed the gi’eater portion of the observ¬ 
ations for a similar theory of the planets; discovered the x'>i’Gcession of 
the equinoxes, and invented the sciences of plane arid spherical tvigoiio- 
metiy. He represented the motions of the sun and moon by means of 
epic3’'cles revolving on circular orbits. This ingenioixs hypothesis had 
been already imagined by the Greek philosophers ; but it proved of little 
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value so long as it was unaccompanied by a calculus. Hipparcbus sup¬ 
plied tliis desideratum by Ms invention of trigonometry, and computed 
tables of tlie sun and moon. The epicyclical theory did not indeed 
accord with the real state of the heavens ; but it served the valuable pur¬ 
pose of enabling the astronomer to group together the facts derived from 
observation, and to predict the places of the celestial bodies with all the 
accuracy demanded by the existing condition of practical science. Nor 
should it be forgotten, in estimating the merits of this theory, that it was 
by a comparison of its results with those derived from actual observation 
that the real nature of the planetary motions was fh^ally discovered. 

The most eminent astronomer of ancient times after Hipparchus is 
PTonEMY, who flourished about the year 140 a.d. He devoted his atten¬ 
tion chiefly to the task of extending and improving the theories of Hip¬ 
parchus. He established the theory of the planets in accordance with 
the principles of that astronomer. He also discovered the inequality in 
the moon’s longitude, termed the evection, and was the first who pointed 
out the effect of refraction in altering the place of a heavenly body. He 
is the author of a treatise on Astronomy called in Greek the Syntaxis, 
but which has been more frequently designated by the Arabian name of the 
Almagest. This work, which has come down to us entire, is remarkable 
for containing nearly all the knowledge we possess of the ancient Astro¬ 
nomy. Ptolemy adopted as the basis of his work, the system of the world 
which places the earth immoveable in the centre of the universe, the sun, 
moon, and planets revolving severally in orbits of different magnitudes, 
and the whole heavens turning round it every twenty-four hours. This 
system has been termed the Ptolemaic, because it was defended by the 
author of the Syntaxis; but, if we are to look for its origin, we must as¬ 
cend to a much higher antiquity. 

With the irruption of the followers of Maliomet into liCgypt, and the 
destruction of the famous library of Ale.vatidria, about the iniddle of the 
seventh century, the science of Astronomy, wliicli laid long been declining 
aitiong the Greeks, finally ceased altogotlior to Ijg cultivated by that 
people. The Aral>ian8, wlio now succeeded to the empire of the ci'viliisod 
world, devoted tlieinselves with laudable assiduity to the study of the 
Greek authors, and Jlagdad hencefortli assumed the place of Ala.Kandria, 
as the centre of litera-turo ami ])l]iilosopliy. Astronomy was cultivatcKl by 
thorn with great ardour; but, like all otlier oriental nations, they exhibited 
an incapacity for Bpeculation, and consetpxently the science did not acquire 
any extension from their labours. They generally adliered witli supor- 
stitious reverence to the theories of tlie G reek astronomers, which they 
sought to amend only by means of more accurate observations. In the 
practical department of the science they indeed displayed a marked 
superiority to tbeir masters, whose natural genius was averse to tho 
monotonous task of observation- The Aralrian astronomers may be said 
to have acted merely as the laitliful guardians of science until the jrrogress 
of events transferred it to a race of greater intellectual vigour. 

After ages of profound slumber," Western Huropo finally awoke to 
pursue her glorious career. In. the ninth and tontli centuries, several 
enlightened persons travelled from Prance ami lingland into Sj)ain, to 
study mathematics and astronomy at the Moorish universities, and upon 
their return home diffused a kiiowlcdge of t.lioso sciences among their 
countrymen. In l,lie thirteenth century the Almagest was translated 
from Arabic into Latin, under the auspices of the emfjeror Frederick the 
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Second. This step was attended with the most heneficial consequences to 
the stndj of Astronomy, which was now rendered generally accessible to 
persons of learning throughout all those countries where the Latin 
language prevailed. In the thirteenth century, Alphonso X., King of 
Castile, conferred a great benefit on science by causing the publication of 
new tables of Astronomy. They were executed at an immense expense, 
under the superintendence of the most eminent astronomers who could be 
found at the Moorish universities. Alphonso is reported to have said of 
th© prevailing system of Astronomy, teeming with 

“ Cycle upon epicycle, orb on orb,” 

that if the Deity had consulted him at the creation of the world he would 
have given him good advice. This remark, though irreverent in the 
highest degree, was doubtless meant to convey a censure upon the cumbrous 
mechanism by which the system of the world was represented, rather than 
upon the actual arrangements of the system itself. 

About the close of the fifteenth century the study of Astronomy received 
a great impulse from the labours of Purhach and Regiomontanus, two 
Germans of very original genius. They introduced some modification of 
the ancient theories, and improved the methods of calculation. Nearly 
about the same time the art of observation was revived by Waltherus, an 
astronomer of considerable merit, and a native also of Germany. 

Nicholas Copernicus, the restorer of the true system of Astronomy, 
was bom at Thorn, a town in Polish Prussia, on the 12th of February, 
1473*. This illustrious man was gifted with a profound sagacity, which 
enabled him to distinguish the genuine principles of nature from the 
contrivances of the human imagination. He had long meditated on the 
system of the world, and was struck with the complication of the theory 
representing it, when contrasted with the harmony which everywhere 
pervaded the arrangements of creation. The earth was placed immoveable 
in the centre of the universe, while the sun, moon, and planets, and even 
the starry heavens, revolved round it with inconceivable velocities. He, 
however, considered it impossible to reconcile this hypothesis with the 
variable appearance presented by the superior planets in diflPerent parts of 
their orbits relative to the sun. He remarked especially thatw'hen Mars was 
in opposition, he almost rivalled Jupiter in brilliancy, while towards conjunc¬ 
tion he dwindled to a star of the second magnitude. This fact appeared to 
Mm to offer irresistibly conclusive evidence that the earth could not be the 
centre of the planet’s motion. He now began to ponder upon the opinions oi 
some ancient philosophers on this subject. He found in the writings oi 
Martianus Capella an opinion ascribed to the Egyptians, which supposed 
Mercury and Venus to revolve in orbits round the sun, while they 
accompanied him in his annual motion.round the earth. He perceived 
that this theory would offer a most satisfactory account of the alternate 
appearance of the planets on each side of the sun, and would also deter¬ 
mine the limit of their digressions. The increasing magnitude of the 

** Copernicus died in the year 1543,. He was of Sclavonic extraction. His grand¬ 
father, Nicholas Copernicus, was a native, of Bohemia; but about the close of the four¬ 
teenth century he removed to Poland, and established himself in Cracow. His name 
appears inscribed in the records of that city for the year 1396. His Bohemian orio-in was 
duly attested on the occasion of his enrolment. ° 
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superior planets as they approached towards oi^position, when conteniplatcd 
in connexion with this doctrine, naturally led him to conceive that they 
also might probably revolve round the sun as the centre of their motions. 
This conclusion was strengthened by the opinion of Pythagoras, who had 
placed the sun immoveable in the centre of the universe, and assigned to 
the earth an annual motion in the ecliptic, binally it occurred to him, tliat 
Nicetas, of Sjuncuse, and some other ancient pliilosophers, had supposed, 
the heavens to be at rest, and sought to explain their diurnal changes by 
ascribing to the earth a motion round a lixed axis. Ilaving reflected 
profoundly upon these various principles, he found that, ly combining 
them together, the resulting system accounted with the most scrupulous 
fidelity for all the phenomena of the celestial motions, while it was 
distinguished by a union of harmony and simplicity wdiicli admirably 
accorded with the general economy of nature. The alternate vicissitudes 
of night and day, tlie varied circle of the seasons, the stations and retro- 
gradations of the planets, and tlieir varijible appearance at different times 
of the year, all offered themselves as immediate consetiuences of tins 
beautiful system. 

According to Copernicus, tlien, the sun is placed iminoveid)lc in the 
centre of the universe, and all the planets, including tlio ciarth, rovolvtj 
round him in tlie order of the signs in concentric orbits. Mercury and 
Venus revolving witliin the earth’.s orlnt, and all tlie other planets ^vithoiit 
it. While tlie earth is traversing her annual orbit, slic is ahso constanl.ly 
revolving from west to east round a fixed axis passing tlirongh the C( 3 lestial 
poles, accomplishing a complete revolution every twenty-four Ixours. 
Copernicus explained the motion of tlie moon by supjiosing her to revolve 
in a monthly orbit round tlio eartb, while at the same time she accomjianied 
her in her annual motion round tlio sun. He also very ingeniously accounted 
for the prece.ssion of the e(piino.\e.s, by attributing to tl)o earth’s axis a slow 
conical motion in a direction opposite, to the aj)])ar<Mi(. motion of tin! st:irs. 
This great man lias given to the svorhl a full exposition of his prineipli^s 
in his famous work, “ De Kevohit iouibus Orbitim ('-elestiuin.” It is said, 
that lie received the first co[)y of this ivork, upon tln^ contents of ivhiidi 
he liad meditated Ihirty-si.x year.s, only a, iVuv hours hoforc his dcatli. 

Although Ciopeniicus great.ly sirnjdiflcd the systein of tins world, lie 
still retained the machinery of epicycles to repn’sont the motions of tins 
planets, and thcreforo loft an ainplo field of n'sciircli to his suecessers, 
.But hefore the investigation of the actual form of the planetary orbits 
could be prosecuted with any liojses of success, it. was iuM‘(‘ssa.ry tliat a, 
great improvement should lie ctrecled in practical astronomy. Tlio art. of 
observation still continued in the sunns condition in wliicli it e.xistod 
among tlie Greeks and Arabians. Copernicus was loss conspicuous for 
the qualities of an observer tlmn for his sagacity in unfolding this jirin- 
cuplos of nature. The various tables of astronomy liad all fallen eou- 
sidci'ahly into ei'ror, and tlie necc.ssit.y of reconstructing tliem upon a more 
accurate basis appeared iiuliispensablo to thefut.ure prognsss of t he seiimee. 
It is clear, then, that the present crisis required less a tlnau-ist of tlio first, 
order, than an astroiioiner wlio migVit |>osscss snl]iei<‘!it genius and jiraclioal 
skill to porh'ct the methods of observat ion, to imagine new instruments, 
and by those means to ostablisli a. number of accura.tc fiicts relativoi to tlie 
motions of tlie jdancts, T’licsc qvialitics were emiueutly fnllUlcil in 'rYeim 
Hraxik, wlioso labours introduce a now era in the art of' observation. 
This illustrious a.stronomcr was born in tlio year 1510 at Iviiudstliorp, a 
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province of Swedenj then attached, to the Danish monarchy. Ilis great 
celehrity induced Derdinand, king of Denmark, to build for him in tlio 
island of Huena, at the mouth of the Baltic, a magnificent observatory, 
•which he designated by the axopellation of Uranibnrg, or the City of the 
Heavens. Herein he d.e]posited a magnificent collection of instruments, and 
under the munificent patronage of his sovereign he continued to ixi’osecute 
researches in astronomy during a period of nearly twenty year’s. Several 
important discoveries relative to different branches of the science, and a 
vast mass of observations, infinitely sux^erior in point of accuracy to any 
that had ever before been executed, were the hapx^y result of his labours. 
Strange to say, he rejected the Oox^ernican system of the -world, adox^ting 
in its stead a system of his own, called, in consequence, the Tyclioiiic, 
According to this system tlie earth is placed immoveable in the centre of 
the universe, while the sun revolves in an annual orbit in the ecliptic, 
accompanied by all the planets circulating round him as the centre of their 
motions. The inferiority of this system to the Gopernican is so obvious 
that it found only a very small number of followers, and it soon fell into 
total oblivion. 

This eminent astronomer, "who had contributed so much to'wards tlio 
glory of Denmark, had the misfortune, in the latter part of his life, to 
incur the hostility of the ministers of his sovereign, Christian YII., who 
succeeded Frederick on the throne. They were mortified to find them¬ 
selves completely eclix^sed by tlieir illustrious coimtiyinan, who had won 
his laurels in a field which they had been always accustomed to regard 
wntli coiitemxxt. They were especially chagrined on account of the nurnber 
of distiiiguislied individuals who aimiially resorted from all parts of 
Eui’ope to the island of ITuena, to pay tlioir respects to its re.nowiic<l 
inhabitant. Under the pretence that the finances of the kingdom (iould 
no longer admit of maintaining the establishment of UraTiiburg, they 
totally withdrew from him the revenues which Frederick had assigned to 
him for that purpose; aiid lie was coinx>enod, in conse<xuenco, to look out 
for an asylum in a foreign land. He filially selected Germany as lus 
luturo place of residence. EixiliarMiig, tlierefore, in a small vessel witli 
hm family, after putting on board his books, Iiis instruments, and all his 
eiiecta, he set sail from the beloved scene of his labours, and bade a final 
farewell to his ungrateful country. Fie was kindly received by the Em¬ 
peror Dodolxfii, who bestowed on him the apxxoiutment of inn:)oriul 
^trouomer, and assigned to him a splendid mansion near the city of 
Diague. He was not destined, however, to enjoy long the favours of his 
new patron ; for, only two^ oi' three years after liis arrival in Germany, Ins 
was seized with a severe illness, of which lio expired on tlio 14th of Oc¬ 
tober, 1 001, in the fifty-fifth year of his age. 

While the study of Astronomy continues to delight the human mind, 
toe name OI Tycho Brahe will be held in grateful remembrance. The vast 
extent of this astronomer s observations, the ingenuity of his methods, 

and skill wliicli lie exhibited in carrying them into 
efiect, have deservedly earned for liiin an immortal rcxiutation. He 
did not indeed scan the heavens •^^ilh the phlloso])liic eye of a Ivepler 
or a jNewton, but his labours were no less essential to the progress of 
astronomy, _^'ian the more capitivating discoveries of these illustrious 
geniuses, catalogue of the stars, his researches on comets and on 

leiractioii, and his beautiful discoveries in’ the motion of the moon, will 
remain enduring monuments of Ms glory. Nor can it be accounted the 
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least of the obligations wliicli posterity owes to him, that liis accui'ato 
observations on tlie planets vero the means of condncliiig Kepler to the 
discovery of those famous laws which form, the groundwork of modern. 


Astronomy. 

.Few of those philosoplicrs who have extended the boundaries of science 
have accomplished results of equal importance with tlioso due to the illus¬ 
trious K,nPLER. This eminent astronomer was born at Wiel, in tlie 


Duchy of Wirtomherg, in the year 1571. Gifted wdth a genius of the 
highest order, and a strong tendency towards speculation, he seemed des¬ 
tined by Providence to elTect a complete revolution in tlie theories of As¬ 
tronomy. Tycho’s observations on^ the planets were eagerly seized by 
him; and, alter seventeen years of incessant application, during winch lie 
continued to submit them to a searebing scrutin.y, he finally arrived at 
those famous theorems which emhody the true principles of the system 
of the world. Copernicus, as we have already remarked, did not attack tlio 
principle of the epicyclical theory: he merely souglit to make it iiioi’e 
simple by placing the centre of the earth’s orhit in tlie centre of the uni¬ 
verse. This was the point to wlii<‘h the motions of the planets ivere re¬ 
ferred, for the planes of their orbits were made to pass tbrongli it, and 
tlieir points of least and greatest velocities were also dc'tonuinod with re¬ 
ference to it. Idy this arrangement tlie sun wms situate matlicinaiically 
iK'iir tlie centre of tlie planetary system, hut he did not appear to liavo 
any physica,! counoxioii witli tlio |;)lauots as the centre of tlicir motions. 
Tlie Copcrnican theory contim:ied in tins incomplete Bta,tc nnlil jvepler, 
ill tlie course of his consummate researclies, demonstrated ilie important 
fnct that the planes of tlie oiiiits of all the phinets, and the lines joining 
their apsids, iiassed tbrongli tlio sun. This discovery alone, by assigning 
to the sun Ids just relation to the jilanots, contributed in a vast degree 
towards a more necvu'ate kuowledg*' of the true stale of the, solar system. 

Ke])1cr’s fnuious laws of the jdanotary motions aro known to every 
reader. TheJirstis, lliat. all the. pbimds move in ellipses, liaviiig the sun 
ill one of the foci ; tlie sceoml, that a line joining 1.1 lo ]»la,not and the sun 
sweeps over equal areas in equal tj’mcs; th<‘. lliird, that, the squares of tlie 
])eriodic times are projiorlioiuil (e tla; euhes of tla^ mean <lis(aiices from 
tlie sun. Jvejiler was eoudiieted t<,> tlie first and sceoiul of tla'se laws by 
resenrelies on tlie motion of tlui idanet khirs, th<' orbit, of wlildi, being 


more eccentric tban that ef any of (be oilier superior jibincls, cxliibited in 
stronger relief tlie errors of the auciimt ilieories, 'ria'V were i'u’sf. aii- 
uouuced by liim in llieyear in bis famoiis work, “ 1 >(; Motibus Stella) 

]\lartis,”-= Tlio tliird ]a%v, altliough a,p])aroiU I',’ more easy to arrive at, did 
not yield to Ids researclies until nino years aftmavards. Tlio ileliglit lie 
felt upon fuiding he liad discovuTod this law may lie imagined from tlio 
following passage of his work on “ l,larinoidcs,” in which ho first mentioned 
it. “Wliat 1 jirophesiod twenty-two years ago, as soon as ,1 discovored 
tlio five solids among tlie heavenly orbits—what 1 lirml 3 G»eliovo(l long ho 
fore I liad seen Ptolemy’s liarmonics — what I had |)rondsod my friends in 
tla^ title of lids liook, wliieh 1 named liefore i was suia^ of my discoveiy 
—what sixt een years ago T urged as a. thing; lo b<i sousdd •—t hat. for which 
1 joined '^Ik'dio Jirahe, for wideli 1 settled in I’ragiua for wbieli 1 have 
devoted tlie best pari of irpy 1 if<* to ast ronoinicid ediitninplat ions—at lenglli 
1 have brought, to light, a,nd havi? roeoigiised its trulb beyond my mo.st 


* AstroiioToiii Nova, 
Martis. kragse, 1 (iUt). 


.sen Pia sicii Co;ici-lis tuulita Coiniiieiitariis do Molibiis Slellai 
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sanguine expectations.It is now eighteen months since I got the 

llrst glimpse of light, three months since the dawn ; very few days since 
the unveiled sun, most admirable to gaze on, burst out upon me. No¬ 
thing holds me; I will indulge in my sacred fury; I will triumph over 
mankind by the honest confession that I have stolen the golden vases of 
the Egyptians'!' to build up a tabernacle for my G-od far away from the 
conlin.es of Egypt. If you forgive me, I rejoice: if you are angry, I can 
bear it: the die is cast, the book is written; to be read either now or by 
posterity, I care not which: it may well wait a century for a reader, as 
God lias waited six thousand years ifor an interpreter of his works.”-j- 

This great man was harassed with poverty throughout his ■whole career, 
lie lillecl the office of imperial astronomer, to which a ninnificent salary 
was attached; but lie found by sad experience that the remuneration was 
rather nominal than real; for only a miserable pittance of his claims was 
doled out to him at distant intervals ; and, in order to prevent his family 
from starving, he was compelled to publish a low prophesying almanack, 
for which he entertained the utmost contempt. In hopes of recovering 
the arrears due to him, he resolved to proceed to Katishon and represent 
his claims to the Diet. Pursuant to this design, he set out upon Ms jour¬ 
ney ill the month of November, 1030, and arrived in Ratisbon worn out 
ivith ill health and anxiety. In this last appeal to his country he wiis un- 
liappily unsuccessful; and the disappointment he felt in consequence, 
reacting upon his debilitated frame, threw him into a violent fever, which 
carried him off a few days afterwards, in the sixtietli year of liis age. 

Kepler was one of those exalted geniuses who a 2 )pear from time to time 
on the theatre of the world to give an imjmlso to the 2 :)rogress of jihysical 
science. In acuteness and sagacity lio is equalled among modern philo.so- 
phors only by Galileo and Newton. He did not indeed e.vliibit tlio 
wariness of these illustrious sages in his researches, but he compensated by 
his daring adventure for his want of stratagetic skill. Gifted with an ai*- 
dent imagination, wliicli revelled in the formation of theories, and possess¬ 
ing indomitable p)owers of ajpidication, lie threw the whole strength of 
his intellectual faculties into his researches, and continued to jn’osceub.i 
them with unceasing energy, until lie assured himself of the truLli or 
falsehood of the i>rincij)les on which they were founded. He wns no doubt 
frequently induced, by the specious illusions which conjured theniselvos 
rij) before his mind, to waste his powers on a mere phantom ; hut, even in 
his wildest aberrations, we discern flashes of genius which threw a bright 
gleam upon many obscure points of nature, and served like so many guid¬ 
ing stars to succeeding philosojiliers. His candour in dismissing liy- 
potheses as soon as he found them untenable, was no less remarkable than 
tlie a^ititudo he evinced in their formation ; and to these valuable qualities, 
combined with the fertility of liis inventive jpowers and his unconquer¬ 
able iierseveraiice, may be ascribed the brilliant success with which his 
labours were rewarded. 

The advantages which accrued to the science of Astronomy from Kep- 

Kepler alludes in tins allegory to Flolemy, who had fixed with remnrkahle accuracy 
the ratio of the orbit of each planet to the earth’s orbit, or, in tiie laiiguag^o of the Ancient 
Astronomy, the r.xtio of the deferent to the epicycle. These ratios, slightly corrected by 
Tycho Brahe, formed the data by means of which Kepler was conducted to bi.s gr<*at 
discovery. 

-[■ Harinonice.s Mundi, p. 178. Sec also Life of Kepler, Library of Useful Know¬ 
ledge. 
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lei'’s labours are obvious to every reader. By liis discovery of those re¬ 
markable laws with which his lumie has been immortally associated, he 
razed the existing theories to their very foundation, sweeping away the 
whole machinery of cycles and epicycles, with which the liiiinan mind in 
the weakness of its earlier investigations had defaced the fair arrangements 
of the heavens, and introducing in its stead the sublime spectacle of the 
planets revolving with majestic simplicity and harmony in elliptic orhits 
round the sun in the foci. In all liis investigations he sought to shape 
Ills theories so as to accord with the physical principles wiiieh lie con¬ 
ceived to govern the celestial motions; and, although he has nowliere 
succeeded in demonstrating by legitimate reasoning the reality of those 
principles, still the jiractice •svhich he pursued in this respect had tlie ad¬ 
vantage of continually leading him to concentrate his ideas on the main 
object of his researches, and thereby of finally assuring a triurnpliant issue 
to his labours. 

Our owui island was about this time adorned hy a discoveiy that w'as 
destined to prove of incalculahlo advantage 1o the astronomer in his fu¬ 
ture labours. It is manifest tliat, as tlie oliservations on the celestial 
bodies continued to acquire greater precision, it liecaine necessary to intro¬ 
duce a corresponding degree of refinement into tlie calculations to which 
they gave rise. The sines and tangents of ares, which foi’m tlie laisis of 
such calculations, cannot bo expressed in finite uumei‘i(;n.I terms, and 
therefore admit only of approximate values, which are more accurate in 
proportion to the number of terms they contain. Tlie arithmetical opera¬ 
tions performed on such functions become in. consequence exceedingly la¬ 
borious; and tins is very apparent wdien we consider that the quostions 
of plane and spherical trigonometry geiiondly consist in finding a fourtli 
proportional to three given numbers. The illustrious Napiku •:=, liy his 
invenlion of logaritlims, siqiplied aslroiioiners witli an easy and universal 
method of abbreviating all sucli calculations, its ciha^t licing to replace 
all operations of niidtiplication, division, and evolution, by the more eom- 
niodious and agreeable processes of addition and subtraction. “ Tliis a.d- 
niiruhle artihee,’’ says Ijuplace, “ oiigraflcd on the ing^enious algorithm of 
llio Indians, by reducing to a few days the wairk of several mouths, doubles, 
it we may so speak, the life of tlic astronomer, and s])ares liiin the eivrars 
and the disgust insep)arablc from long calculations ; an invention whicli is 
tlic more gratil^'ing to the liumaii mind, in so far as it lias deriveil it en¬ 
tirely from its own resources. In tho arts man avails himself of tlie ma¬ 
terials and forces of nature to increase his iiowcr; hut here eN'erytliing is 
his own work.” f 

VVliile Napier was pondering in remote seclusion over his immortal 
invention, and Kepler, amid continual stTugglos wit.li poverty and mis- 
lortune, was engaged in tliose toilsome researches which, resulted in placing 
tlie science of Astronomy on its present basis, universal Europe was ring¬ 
ing with the fame of a philosopher whose labours produced no less im¬ 
portant effects on the progress of science than those of his illustrious cor.- 
temporaries, and ushered in with fitting splendour the train of muguilUn-ut 
discoveries by which the sevcntecntii ceutnry was so <Mvvincnt.ly dis> 
lingiiislied. 

Gat,ii,ko GATjra''.i was horn at l^isa, a, city in tlm Grand Diichy of 
J.uscany in Italy, in the year 15(> l. W’hilc a student at tho univcr.sity, 

' IJnni in I.'3.00, ;it Mi'rchistoun, near KcHnl)urp,li ; <licHl in Hi!?. 

•|' t;.\[)o.si(ion (hi Systrmo (In Monde, Liv. v., (Imp. iv- 
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lie distmguishecl. liiinself by his powoTS of discussion, and hy the freedom 
■with which lie questioned, some of the leading doctrines of the Aristote¬ 
lian. pliilosoplry. At this period of liis life, also, tho idea of omployiiig the 
pendnliim for the purpose of measuring time first suggested itself to him, 
on seeing a lamp suspended from the roof of the cathedral of Pisa coii- 
tinuing for some time to swing to and fro. In 1009, haring heard that a 
Dutch spectacle maker had succeeded in coinhiiiiiig lenses so as to make dis¬ 
tant objects appear larger and nearer, he very soon succeeded in tracing 
this effect to the refraction of the visual rays in x;)assing through the glass ; 
and upon this princixrlo he constructed the first telescope used for scientific 
puiposes. Turning his instrument towurds the heavens, his ingenuity soon 
found its reward, in the discovery of a multitude of heautiful xihenomena. 
To him we are indebted for the first aiinoimcement, that the sun is 
covered with darlc irregular sj^ots—that the moon is diversified with bills 
and valleys like the earth—tliat tlie planets have a round aji^oearance like 
the sun or moon—that Yenus exhibits phases deyieiiding on her position 
relative to the earth and sun—that Jujiiter is accompanied by four satellites 
—that the apyiearance of Saturn is totally unlike that of the other planets— 
and that the milky way consists of a countless multitude of stars. He also 
discovered the diurnal libration of the moon ; and, from the solar spots, 
he drew the imjoortant inference that tlie sun has a rotatory motion round 
a fixed axis. G-alilco is still more famons for his researches in mechanical 
science. Tie was the first who announced, in distinct terms, the princijolc 
of virtual velocities, a.nd its utility in determining tho relation between 
the xoow'or and the -weight in all combinations of machinc.s. Tie also dis¬ 
covered tlic law of acceleration of falling bodies, whether dcs(*c‘ii<ling verti¬ 
cally or along inclined yilanes, and he determined the path of a y-irojeotile 
by considering the lioiizontal motion to l>e uninllucuced by the vertical 
action of gravity. 

The brilliant success which rewarded the physical researches of Galileo, 
and th© withering influence which his discoveries exercised on tlie doctrines 
of tho Aristotelian philosophy, excited against him the imyilacablc animosity 
of his opponents, who sa-sv with dismay the boasted citadel of learning, 
^Yithin which the liunian mind had for ages reposed in coinxdaccncy, now 
exposed to the po^YGrfnl and reiterated assaults of a daring innovator. 
Unable to vanquish him in the field of argument, tboy sought to recover 
their sinking piosition by enlisting the church under tlieir banners ; and, 
W'itli this view, they yirocoeded to represent the Cop»evuican llioory as 
dangerous to I'eligibn, by contending that it was at vaiiance with thi', re¬ 
ceived intorpretation of the Holy Scrixiturcs. Galileo became, in oou- 
sequenco, involved in a quarrel with tlie Church, which linally resulted in 
his being summoned bcfoiu the Inquisition, and conqoelled to abjure on 
his knees the doctrines which taught that tho sini is placed immoveable 
in tho centre of the universe, and that the earth revolves in an annual 
orbit I'oxiud him. It is said that the venerable xiliilosoxihcr had no sooner 
finished this humiliating recantation than ho stamped tlie gri.>and with his 
foot, and 'whispet'ed to one of his friemls “ Tl pur si muovc.”=i= Tie w’as 
condemned to strict seclusion during the reniaiiiiug few years of his life, 
and died in 1042, at the age of seventy-eight yoavs. 

Galileo’s merits as a philosopher are at once great and varied. ITo 
broke down the barrier which had so long interposed between tho human 


* “ It moves liowevcr," 
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understanding and the beautiful system of the material world, deiioimcing 
with unrivalled force the pernicious subtleties of the sehoolB, anti eon- 
tending for the necessity of constant observation and experiment, ns tlio 
only reliable guides in conducting the mind to general prin<“i|de.s in phy¬ 
sical science. He may, therefore, bo considered, in coDjxniction Avilli oiir 
illustrious countryman, Bacon, to have founded the iiuluotiv'G niothod of 
investigation, by the aid of which man has achieved so nijiny brilliant 
conquests over nature during the last two centuries. Nor is it Iris solo 
overthrew the idols of the ancient philosophy, and recom¬ 
mended by his powerful reasoning the necessity of a carefui oxanuniition of 
facts in all physical researches. He supplied the most conclusivo argri- 
ments in favour of his principles, in the multitude of splendid discovcu-ics 
which he had the glory of first announcing to the world. His example 
also stimulated a band of ardent minds to embark in the same hopeful 
career; and aii impulse was thus given to the study of experimental plii- 
loso|)hy which has continued to be maintained with unabated vigour until 
the present day. 


, ® astionomical discoveries of Galileo, although reniarkalxle for Iheir 

biilliancy, derived their chief value from tlie support they lent to the 
Gopeinican theory, and the influence they exerted in overthrow'ing llio 
a se system of philosophy which then prevailed. Jiutitis in liis imixirtunt 
lesearches relative to mechanical science, that the genius of this irreal, 
philosopher is most apparent.^ The science of motion could not indc-otl bo 
said to have existed before his time, for the sole knowledge on this snb- 

t ^ maxims scattered through tlio woiks 

01 Aristotle. It required no common degree of penetration to expose tlio 
eiiors which lurked amid the sophisms of tlie illustrious Stagyrite ; Init a 
genius of a higher order was necessary to establish the clear arid immutable 
laws of nature, m the room of tlm nuraeaning subtleties of the schools. 

^le sagacity and skill which Galileo displays in n-solving the idienmviona 
o motion into their constituent elements, and hence deriving tlie origina,! 
principles involved m them, will ever assure to liim a distinguished v)lacc 
among those wdio have extended the domains of science. It is, rioriians 
impossible. Ill the present advanced state of mechanical jihilosoiiliy, to i’onn 
a JUS estimate of the difficulties wdiich then interposed towards a, jirecisc; 
and luminous view of the fundamental principles of motion. It is uni: 

sally admitted that those phenomena which come under the daily ob¬ 
servation of ramikind, and which on that account do not possess any sa'lient 
features on i.4i-ich the imagination can repose, are geiieridlv Iho.so whicli 
which of ordinary minds. i’ho iirinciples 

elevatiin^ sagacious researches liad the ellVud of 

SLibiectsIvld^lf??^*^’'^^ science to the dignity of one of the most important 
Sementc. ffi ^onemm theyttention of mankind. They were esscntiid 

of mvestigation which conducted Newton to the suh- 
iMsfs Gravitation; and, in fact, they constituU! tlu' 

scieLei^ha.w'en\eieaT“‘ i.,,I 


IIESCARTES was Undoubtedly one of the grcalest geniuses ef tl„. 

had a duect tendency to promote the iirogress of Astreuomv in 
order to account for tlie motions of the\.irions hodixis of t Ys<d r 

p anets weie all aappoised to revolve in a vortex, of wliich tlio sun 
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was tlie' centre, and tlie satellites revolved in smaller vortices round 
tlieir respective ]priinaries. Tins system ottered a plausible explana¬ 
tion of the motions of tbe planets and satellites in one common 
direction ; but it was inconsistent witli the motions of comets, and a 
multitude of other phenomena, and, besides, was nothing else than a 
mere gratuitous assumption. Some writers commend the Cartesian sys¬ 
tem. of vortices, as the earliest attempt to exidain the motions of the 
planets by meclianioal principles; but Delambre has justly remarked, that, 
hy misleading men’s minds from nature, this fiction of the imagination 
retarded rather than promoted the progress of true science. Descartes, 
however, deserves honourable mention in tbe history of Astronomy on 
account of the vigorous efforts he made to ovei'tlirow the Aristotelian phi¬ 
losophy, and especially for his important discoveries in the pui'e mathe¬ 
matics, By his hapjpy innovation of expressing the fundamental property 
of a curve by means of an equation between two variable co-ordinates, he 
extended incalculably the powers of analysis, besides thereby preparing 
the way for the discovery of the infinitesimal calculus, and its application 
to the vast domain of Celestial Dynamics. 

IST early about the same time with Descartes flourished Huygens, a 
losopher endued with equal genius, but exhibiting greater caution in his 
researches. Posterity is inclehted to him for one of the most admirable 
inventions of modern time.s—the application of the pendulum to clocks. 
Mechanical constructions moved by weights had been employed to measure 
time as eaidy as the thirteenth century, and Galileo had already conceived 
the idea of using the pendulum for a similar purpose. Tbe Italian 
losoplier failed, however, in all his attempts to construct an accurate time¬ 
keeper, because he constantly sought to apply the pendulum as the prime 
mover. Huygens accomplished this object with the most complete suc¬ 
cess, by simply making the pendulum to regulate the descent of the weight 
in the ancient clocks. It would be difficult to say whether the ordinary 
coiiceiqns of life, or the more refined jjurposes of science, have gained 
most by this valuable improvement. Huygens is distinguished by his 
telescopic discoveries in the heavens. He it was who first established the 
real character of the appendage wuth which Saturn is furiiisliecl, having 
found it to consist of a luminous ring, encompassing the body of the 
planet, at an a]ppreciable distance from his surface, lie also discovered 
the most consq3icuous of the satellites of that planet; but he forgot his 
habitual caut|.on when he asserted that as his discovery made the number 
of satellites equal to that of the planets, no others of a similar kind would 
be made in the solar system. Huygens discovei'ed the principal theorems 
relative to the motion of a body compelled to revolve in a circular orbit, 
under the influence of a force acting constantly at the centre. These 
theorems w’ere announced at the end of his treatise, “ De Horologio Oscil- 
latorio,” published in the year 1071 ; hut no demonstration was given of 
them. 133'' bis elegant speculations on the evolutes of carves he also faci¬ 
litated the application of the same qirinciples to orbits of variable curva¬ 
ture. This qjliilosopher is indeed universally admitted to be one of the 
most original geniuses who iiomished in the seventeenth century. In his 
intellectual character there appiears the rare union of all those qualities 
which form the mathematician and the experimental philosox^her. In this 
respect he approaches more nearly to tlie illustrious Newton than any 
other individual of modern times. 

Cassini, the contemporary of Hu3’'gens, w^as one of the greatest astro- 



INTRODTJOTION. 


xiii 


nomers of the a^e in which he lived. We owe to him a multitude of dis¬ 
coveries, which have secured for him an imperishable reputation. He 
constructed the first tables of Jupiter’s satellites which could lay any 
claim to accuracy. He discovered four of Saturn’s satellites ; determined 
the rotations of Jupiter and Mars, and arrived at a very approximate value 
of the solar parallax. He also discovered the belts of Jupiter and the 
zodiacal light; established the singular coincidence of the nodes of 
the lunar equator and orbit; and, lastly, constructed an excellent table 
of refractions. 

While astronomical science was thus flourishing on the Continent, it 
had already dawned npon England. 

Hah^ot, the celebrated mathematician, was an assiduous observer of 
celestial phenomena. We owe to him some valuable observations of the 
comet of 1607, which have since been found to refer to one of the 
periodical apparitions of the famous comet of Halley. He was one of the 
first individuals who employed the telescope in exploring the heavens. 
His ohservations of Jupiter’s satellites date from the 17th of October, 
1610. He also observed the solar spots very soon after their discovery 
on the Continent. 

JiQBEiMiAH Hokrocks, a native of the north of England, displayed a 
capacity of the highest order for the cultivation of astronomy; but un¬ 
fortunately his career was soon brought to a close by a premature death. 
We owe to him the earliest observation of the transit of Venus. lie and 
his friend Crabtree were the only two individuals who witnessed this rare 
phenomenon on the 24th of November, 1639. He effected an important 
improvement in the lunar theory, and made many sagacious remarks on 
other subjects relating to astronomy. He died suddenly on the 3rd of 
January, 1641, at the age of about twenty-two years. 

WinniAM Gasooignk, the contemporary of IXorrocks, had the merit of 
originating some remarkable improvements in practical astronomy. Ho 
was one of the first who employed the lieplerian telescope in astronomical 
ohservations. He introduced the use of telescopic sights. He was the 
original inventor of the micrometer, and was also tho first who applied it 
to divided instruments. Like Horrocks, this liiglily-gifted individual 
perished in the flower of his age. Ho fell at tho battle of Marston Moor, 
on the 2nd of July, 1 044, when he had only attained tho age of twenty- 
four years. 

PI.EVifli.ius was one of the most eminent observers of the seventeontli 
century. His laboui'S extended over a period of about fifty years; but as 
he continued thi’oughout his whole career to adhere to the ancient methods 
of practical astronomy, the results achieved l>y him do not possess a value 
commensurate with his merits as an observer. 

During the seventeenth century, a great revolution was effected in prac¬ 
tical astronomy, Pdie application of the pendulum to clocks by Pluygtions 
had the effect of introducing a method of observation whicli. had been 
devised in the preceding century, but which was found to bo impracticable 
in consequence of the difl&cu|4y attending tho measurement of time. It 
consisted in observing the altitude of a celestial body on tlic meridian, 
and noting the instant of its passage. By this means the declination and 
right ascension were obtained without any trigonometrical calculation. In 
consequence of tins improvement, the observations of tlie celestial bodies 
were henceforward made cbielly with instruments fixed in the meridian. 
The micrometer, the invention of which is due originally to Gascoigne, 
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WAS reinvented on the Continent, and was brought to great perfection by 
Axjzout. About the same time, the use of telescopic sights was introduced 
both in England and on the Continent. 

The^ establishment of public observatories was another circumstance 
which imparted a strong impulse to the cultivation of astronomy. The 
earliest of these institutions is the Observatory of Copenhasfen, which dates 

Observatory of Paris was founded in 
1667, and the Eoyal Observatory of G-reenwich in 1676. 

One of the most eminent astronomers of this period was Picard. We 
owe to him the first careful measurement of an arc of the meridian upon 
stnctly scientific principles.^ He was also one of the first astronomers who 
employed telescopic sights in astronomical observations. His remarks on 
various subjects relating to astronomical science are characterised bv ffreat 
sagacity. He died in the year 1683. ^ ^ 

Eoembr, the Danish astronomer, has immortalized himself by his dis- 
gradual propagation of light. This important fact was sug- 
geeted to him by observations of the eclipses of Jupiter’s satellites, which 
h0, ^Uhd to take place earlier or later than the computed time according 
as the distance between the earth and planet was less or greater than the 
mean distance. Its truth was estahhshed beyond all doubt in the follow¬ 
ing centuiy by Bradley’s discovery of Aberration. Roemer effected many 
important improvements in practical astronomy, one of the most valuable 
01 which was the invention of the transit instrument. 

Dunng the latter part of the seventeenth century, astronomy was cul- 

Mividuals. Wren and Hooke 
applied their attention to the advancement of the practical department of 

contributed by their splendid talents to throw 
-^■-on various interesting points relating to theoretical astronomy. 

Gmgoki is tooim to most readers by the invention of the rt 

to celebrated 
suggeataon of the utility of the transits of the 
the vdue of the solar parallax. Flam- 

valuable observations at the Eoyal 
Ubservatoiy of Greenwich. Hailes had returned from St Helenn and 

^“we “°ting the objects of astronomical science. 

Befoi^ the immortal discoveries of Eewtok. 

So l an account of them, it #1 be desirable to 

time ^ celestial physics which prevailed before his 
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Early notions of Physical Astronomy.—Newton.—His first Ecsoarches on the subject of 
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previous Researches_Law of the Areas-Motion of a Body in an Elliptic Orbit, the 

force tending to the focus.—Picard.—His Measurement of an Arc of the Meridian__ 

Complete success of Newton’s Investigation relative to the Action of the Earth upon the 
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Consequences ho derived from it-The Principia.— Account of the circumstances 

connected with its publication. — Halley, Hooke, Wren_Synopsis of the subjects 

treated of in the Principia.—Laplace’s opinion of its merits. 

Attempts were made at an. early j)eriod in tlie liistory of astronomy to 
account for the motions of tlie celestial bodies by means of some common 
princijde. The Greeks, as migdit be expected, Avere tlie hrst pcoplo who 
invented a pliy^sical tlieory of the heavens ; but the result of their spe¬ 
culations ill this instance was totally unworthy of their liigli intellectual 
character. Conceiving that tho constant sucjcossion of phenomena in tlio 
same onlor could only lie effected by means of some material agency, tliey 
snpposed each of the planets to ho inedosed in a solid sidiero of trans¬ 
parent structure, having the earth situate in tlio contro. T'lio motion of 
the planet was then supposed to lie accomplished by tlie reA'olution of tho 
entire sphere in the direction of tho p)lanct’s real motion, and with a 
velocity corresponding to its periodic time. In order to account for tho 
various irregularities of its mutiou, cacli of iho ].)lanots was jiUJvided with, 
several splau'cs, wliicli rnodilied oiudi <)lh<!r’s olTccts ; ami jit an iniiilouso 
distan<.n beyond (he planetary ajqinnitus was situalcd tin.! ^nobile, 

or splioro ol tho stnriy heavens, wliieli iawoInimI from <'n,st to \vc.si. in 
twenty-four liunrs, carrying aionjf with it all tliC! li.xed sltirs. It <-(!i'- 
taiuly affords a. remarUahh! illustiafion (d‘ IIk! j)i'oiieii<'ss of the Imma.n 
mind to ascciid .from tlio jihenonn'iia. ef iia.iiir(! lo sono! ul(c!i'ior ca,us<', 
tlia.t this monstrijus thcery sheiild have coimnandod llic assent of (ho 
IcariicHl world until tins clnse el' (he id.\(<'«Milh coidiiry. Aristotli! iidro- 
dneoditinto his systj'ui of philosopliy, and by tlii-i ineanH it, eamc. ((* ho 
gciiorally adojited as jiart of (lie am iciit. asd’ononiy. W'c. mast uol, how¬ 
ever, confound (his offspring of ( lu! imajdn.af ion w it h the <'[»icy(di<‘a 1 llu'ery 
of Hipparchus, whicli, althnngh jnxoKhig (•(Arinin t,p'!i(nitons principles, 
was uotwitlistanding framed in accordanc(.! with ohscrvalion, 'I’in! Inttcr, 
in hicl, ivas a pure nia(h(.jniatica,l theory, d(!\ is(>(l for (.In* pnrp(.).ic (d' repre¬ 
senting (.he niotious of tins jiljuicts, wilhoul. r(‘f<M'(!n(M! to (ho physical e.'Uiso 
of lliose motions; and, althongli iiKanaplele in its .slruclurty in so far as it 
look no cogni/,anc(! of (.In! distai)e(‘s of liie pljinol.s, slill, as il, couhl lie anh- 
ntitfod to a rigorous ivalcidus, j(. held oiil, to astrononicrs (he pnispcci of 
a,rriviiig a,t tho tnu! system, of nal tiro by iin'ans of a, comp:icison (d' its 
r(!snhs witli ihost.! of oh.servatioii. 'J'Ik! history of tin! (wo tlicories pn- 
sents us, in(l(!cd, with tm instruct ivt! lesson of tin; valin-of :in hypolliesis 
whicli contiuns .s-roac chnnents of trni'n as cont rasted with tlie inanity of a 
men! fiction of the mind. M'he niat hcm.-il ical (hoory, besides .nlforiling 
tidiTiind il e seop(- ior (be niveniivi' power... bml the a<l \ an i s's * of' enabling 
astronoiiiors Ibroiiglaait a long l•our^a‘ <<1’ ages lo predict the places ol* (In! 
plaiioLs Avith tolc'riibh.' sicciuacy ; and, Jinidiy, was instriimental in (Aomhict- 
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ing Iveplor to a knowledge of tlieii’ real motions: tlie physical theory, on 
the other hand, continued during an equal period to mislead men’s minds, 
without possessing the redeeming merit of forming a subject of intellectual 
exercise ; and, when it w'as at length overthrown by the invincible force 
of reasoning based upon facts, it disap)peared without leaving a single 
trace of its existence behind. 

It is difficult to ascertain what w’'ere the real opinions of Copernicus 
relative to the physical constitution of the heavens. While engaged, 
how'ever, in establishing tiie Pythagorean system of the world, he was 
led to use a remark which may be said to contain tliG earliest notion of 
tho principle of gravitation. The Aristotelians had assorted that heavy 
bodies, to use their own phraseology, naturally tend towards the centre of 
flic universe, and as observation showed that a similar tendency existed 
towards the centre of tlio earth, they hence concluded that the earth 
must be placed iminovcahlo in the centre of the universe. Copernicus, 
however, remarked that the parts of matter liad a natural apjieteiicy to 
congregate together and unite in the form of spheres, and that tho 
constant tendency of bodies towards the centre of the eartli was merely a 
sensible manifestation of this inherent quality of matter. 

Tycho Brahe was not cndow^ecl Avith qualities favourable to speculation, 
but ho deserves to be mentioned in the history of jihysical astronomy, on 
account of the effect of his researches in leading to tho overthrow of the 
ancient theory of soli<l orbs. By means of a scries of careful observations 
on the comet of 1577, ho discovered that it was at least three times more 
romolc from tho earth than tho moon is ; whence it followed, since comets 
traverso the celosliiil regions in all directions, that the heavens could 
not ho composed of a solid mcc-liaiiism such as tho Aristotelians had 
imagino<l. 

Gilbert, an Knglish philosopher of great merit, vvlio flourished towards 
tho close of tho sixteenth century, vvas one of the first persons wdio arrived 
at general notions on tho subject of gravitation. His researches on mag¬ 
netism, pursued in strict accordance Avitli the principles of the inductive 
philosophy, were much cstoemod by Kepler and Galileo, both of whom 
profess to have been greatly indebted to him for their views on that 
subject. In his treatise on the magnet, pnhlislied in 1000, ho exj)lains 
tho influence of tho eartli upon tho moon 1 ) 5 ’’ comparing the former to a 
great loadstone. He announces his opinions, ho-wever, much more 
explicitly in his posthumous work on tho “ New Philosophy,”^ which 
first appeared about the middle of the seventeenth century. In this 
treatise, ho asserts that the eartli and moon act upon each other like two 
magnets; but he considoi*s the influence of the earth to be greater than 
that of tho moon, on account of its superior mass. It is important to note 
Ilia c.xplaiiatioii of the mode in which the two bodies affect each other. 
“ It is not,” sa 3 ’'s he, “ so as to make the bodies unite like tAvo magnets, 
hut that they may go on in a continuous course.” In another part of tho 
same Avork, he ascribes the tides partly to the influence of the moon. 
“ Tho moon,” says ho, “ does not act on the seas by its rays or its light. 
IIoAv then ? Certainly hy the common effort of the bodies, and (to explain 
it by soraeilmig similar) hy their magnetic attraction.” He seems to 
have been more x>eiT>lexod in accounting for the ebb of the tide than for 
its floAV. Ill order to explain this part of the phenomenon, he assumes 

* pc Mundo Jiostro Sublunari, Philosoplua Nova, Amstclodami, 1651. 
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that, besides the Avaters of the ocean, the earth contains subterranean 
humours and spirits, which are drawn out by the attraction of the moon; 
and, when that body has retired, are then absorbed again into the bowels 
of the earth. “The moon,” says he, “ attracts not so much the sea as 
the subterranean spirits and humours, and the interposed earth has no 
moi'e power of resistance tlian a table or any other dense body lias to 
resist the force of a magnet.” 

The preceding remarks of Gilbert contain unquestionably one of the 
earliest traces which is to be found among the writings of modern authors, 
of the notion of an attractive force acting between the bodies of the solar 
system. The moon’s attractive influence upon the earth is naturally 
enough suggested by the j)henomenoii of the tides ; but the influence of 
the earth upon the moon is mixed up with a great deal of error and con¬ 
fusion. It appears to him to be indicated not by the revolution of the 
moon in a curvilinear orbit round tlie earth, but by her accompanying that 
body in a continuous course round the sun. In fact the principle of 
terrestrial attraction is suggested by the notion of tlie earth drar/tjing the 
moon along with her in her annual orbit. Finding himself utterly unable 
to account for the mutual attraction of the earth and moon, -svitliout tlie 
continual approach and ultimate union of the two bodies, he attempts to 
get rid of the difficulty by shifting his hypotliesis, or, in other words, by 
asserting that the effects resulting from tlie mutual influence of the two 
bodies is not similar to the effects of magnetic attraction. Although 
Gilbert, therefore, deserves much credit for the sagacity witli which he 
recognised, to a certain extent, the principle of gravitation, liis ideas of it 
are so vague and inconsistent, that his speculations cannot bo said to rise 
above tlie merit of mere conjectures. 

Kepler, in the introduction to his “ Astronomia Nova,” publislied in 1609, 
annoimces llio mutual gravitation of matter in A’ory romarlvahlc terms. 
He asserts, aa (Jopcrni(jas lia<l already done, that bodies do not tend 
towards the centre of the earth, liecause it is the conta'o of tho univor.se, 
but becnu.se it is tlie centre of a round liody of tho .same nature wilb. 
themselves. If two stones were situated in space beyond tlie influence of 
a third body, they would approach towards each other like two magnetic 
needles, ami woubi meet in an intoi’incdiate point, each passing ilirougli a 
sjiace proportional to tlio cornparativo muss of tlie other. If tlio moon 
and earth were not I'ctained by their animal furc'c, or some other equiva¬ 
lent, the earth would mount to tlie moon by a iifty-fourtli pai’t of their 
distance, and the moon woul<l fall to the eaidh througli tlio otlier flfty- 
threo parts, and tli(\y would there meet. If the oart.h should ceases to 
attract tlio waters to itself, all tlio waters of llio sea, would bo rui.scd, and 
would flow to the body of the moon. 

Tlicso remarks are indeed very striking, and .show how profoundly Ihoir 
illustrious author could penetrate into tho secrets of nature ; but we should 
not be justified in attaching to thorn all tho importance due to a distinct 
recognition of the principle of gravitation. In his ideas and reasoning he 
coincides witli Gilbert, except that he extends tho principle of gravitation 
to the whole material imivorse. The difficulty which Gilbert oxperionped 
in accounting for tho constant separation of the moon and earth, notwitln 
standing their mntual attraction, occurs vvlth its full force to Keiflcr. The 
latter, however, gc'ts over it not a.s (iilbert had done, by assuming a 
principle inconsistent with his ]>rc\dous ideas mi the subject, but by 
supposing the terrestrial attraction to be neutralized by the niiinial lorcc 
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of tlio moon or some otlier equivalent- It is clearly possible to establisk 
any principles wliatever, if \ve are at liberty to have recourse to suck 
assumjitions in support of our reasoning. It will be remarked that 
Kepler does not seek to explain kow tke motion of tke moon in her orbit 
is ooiitiiiually kejit up; he doubtless assigned this task to the animal force 
which regulated tlie distance bet'ween the two bodies. The difficulty of 
accounting for tlie motion of a body in its orbit, by meairs of a ceutripetral 
force, occurs to him perpetually tlirougbout the Astronomia ISTova in courso 
of his speculations on the p)hysical cause of the planetary motions. In 
attempting to explain the pdienomena of these motions by means of a 
force emanating from the sun, he is now compelled, like Gilbert, to intro¬ 
duce a principle totally at variance with liis previous notions of gravitation ; 
for ho imagines tliat the planet requires to be continually impelled in its 
orbit by the solar force. To meet this view of the case, he supposes the 
sun to revolve from west to east, upon an axis perpendicular to the plane 
of the ecliphic, and to send forth continually magnetic rays, which attract 
tlio planet in a direction transverse to the line joining it and the sun. 

Xt is hardly necessary to state that this opinion of the jplanets being 
kept revolving by a force continually whirling them round in their orbits 
is not only at direct variance with the character of a gravitating force, but 
is also inconsistent with the fundamental principles of motion. It must he 
admitted that there was more of truth in Koss’s words than he could jDerhaps 
justly take credit for, when he asserted that “ Kepler’s opinion, that the 
planets are moved round by the smine, and that this is done by sending 
forth a magnetic virtue, and that the sunbeames are like the teethe of a 
wheelo taking hold of the polanets, are senselesse crotchets fitter for a 
wheeler or a miller than a philosopher.” =i» 

Kepler might have formed more accurate ideas on the physical cause of 
the planetary motions, if the science of mechanics had been more advanced 
in Ms time; hut it is surprising that, although he constantly strove 
throughout his researches on the planet Mars, as detailed hy him in the 
Astronomia ITova, to connect the varying motion of the planet with a 
force emanating from the sun,, he nowhere speculates so judiciously on 
that force as in the introduction to his work ; and at the conclusion of his 
labours lie inspires no more confidence in his reader respecting the reality 
of tliG force than he did at the commencement of them. In fact, it is to 
the^ extraordinary tenacity wutli which he clung to the idea of a solar force 
acting somehow on the planets, and his strong conviction that their 
motions were regulated by fixed laws, that we must ascribe the brilliant 
result of his researches, rather than to any clear perception either of the 
nature of the force or of its mode of operation. 

It is difficult to say whether Gilbert or Kepler was first led to speculate 
on the jfiiysical theory of the celestial motions. Kepler’s earliest notions 
on tho subject are to be found in his '* Mysterium Cosmographicum,” which 
was published in 1506. Gilbert’s “ Treatise on the Magnet ” appeared in 
1600, and he died in 1003, leaving behind him his posthumous work, 
which was published only in 1651. It is clear from the nature of 
Gilbert’s ideas, which turn entirely upon the magnet, that they could not 
have ^ been suggested to him by liiepler’s speculations. It is equally 
certain, that the latter was not indebted to any person foi' his opinion 

* The New Planet no Planet, or the Earth no 'Wandering Star, 4to., London, 1646. 
See also Life of Kepler.—L. XJ.K. 
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relative to tlie existence of some x^hysical }piTncix:)le directing the motions 
of the planets. When, however, he attempted at a subseq[ueiit period of 
his researches to devise a consistent theory of the solar force, he adopted 
the views of Gilbert by assuming it to be a modified form of magnetism. 
This appears from his great work, the “ Astronornia Nova,”'i- wherein he 
cites the opinion of Gilbert while proceeding to frame his theory of a 
whirling force. 

Galileo, by means of his admirable researches on mechanics, contributed 
in a high degree towards the formation of more distinct ideas on the 
subject of curvilinear motion. The principle of mutual gravitation does 
not seem, however, to have found any favour with liiin, for he censures 
Kepler on account of his opinion relative to tlie attraction of the earth by 
the moon. He admitted the attraction of the moon by the earth, but he 
by no means formed a distinct conception of the mode in which the force 
of gravity in this case operates. “ The parts of tho earth,” f says he, 
“ have such a propensity to its centre, that wlien it changes its place, 
although they may be very distant from tho globe at the time of tho 
change, yet must they follow. An example similar to this is the pei’petual 
sequence of the Medicean stars, although always separated from Jupiter. 
The same may be said of the moon obliged to follow the earth.” 

The earth’s attraction is here evident]^'' inferred from tlie moon con¬ 
stantly attending her in her annual orl)it round the sun. It miglit, how¬ 
ever, be concluded from the same phenomenon, with equal shew of 
reason, that the moon attracts the eartli; for the moou cannot be said to 
follow the earth any more than the earth can be said to follow tlie moon, 
since, in fact, both bodies, while revolving round the sun, revolve also 
continually round their common centre of gravity. The grand fact which 
leads to the estal)lislunent of tlio action of tho earth upon tho moon, 
consists in the revolution of tho latter iu a curvilinear orbit, which is 
co7icare with respect, to the earth. It Ims been soniot.inn's said lliat Kepler 
only required a more com])leto knowlodgo of the laws of motion in order 
to liavc demonsti'ated tlie existence of the principle of gravitation. Here, 
however, wo have a philosopher cqnal in sagacity t.o Kcjilcr —who had 
successfully analyzed tlio phenomenon of curvilin(3ar mot ion in one of its 
manifestations at least, and who moreover Inul access to l.lic opinions of 
Kepler on the subject of gravitation ; still, notwitlistanding all tlie.so ad¬ 
vantages, he failed to rccogniso tlie existence of an attractive force, cither 
in tho motion of the moon romid the cartli, or in tlio motions of the 
planets round tho sum M’his ciroumstance ouglit to render us cautioxis iu 
attaching an undue value to more sfiga«3i(>ua surmises unsupported by 
legitimate j^roof, and in ascriliing to individnals any credit for discov'eries 
which are not the actual resul t of their own labours. 

Wo do not px'oposo to make any farther allusion to Doscartoa’ theory of 
vortices, beyond tlio few words wo have already said I'cspecting it in the 
introduction to this w'ork. No doubt, we think, can exist tliat this 
celebrated liction exercised a most pernioions influence in retarding t,ho 
progress of sound mechanical ideas relative to celestial pliysics. Ijiko 
the theory of solid orlis, it at length utterly disappeared hel’oro tlio ad¬ 
vancing light of true science, after continuing for nearly a century to 

* Astronornia Nova, <N'ip. xxxv., p. 17(5. 

-f- Dialago Kopra i clue Maasimi Sistemi del Moudo.—I'ircuze, 1053^5. 

Life of Galileo.—L. U. K. 
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indulge its adlierents •\vitli the miserable delusion that it revealed to them 
the whole secret of the mechanism of the universe. 

Borelli, in his theory of the Medicean stars, published in 166G, appears 
to have speculated more judiciously on the physical theory of the planets 
than any of his i)redecessors. He remarks that the motions of the planets 
round the sun, and those of the satellites round their respective primaries, 
must doubtless depend in each case on some virtue residing in the central 
body. He seems to have arrived at pretty accurate notions of the motion 
of a body in a circular orbit. He remarks that bodies so revolving have a 
tendency to recede from their centre of revolution, as in the case of a 
wheel revolving on its axle, or a stone whirled by a sling. When this 
force is equal to the tendency of the body to the centre, a compensa¬ 
tion of effects takes x)lace, and the body will neither approach nor recede 
from the centre of force, but will continually revolve round it. 

Hero, for the first time, an attempt is made to account for the motion of a 
body ill a circular orbit, by means of a force directed continually to the centre 
of the circle. It must be admitted, however, that Borelli’s explanation is 
at once imperfect and indistinct. He does not analyze the p)henom,enon 
of curvilinear motion into its constituent elements, hut merely seelcs to 
establish the necessity of a constant central force by an appeal to e.xpe- 
riment. He rightly asserts that the body tends continually to recede 
from the centre, but lie gives no account of the origin of this centrifugal 
force nor does he explain by what means the motion of the body in its 
orbit is continually kept^cp. His account of the last-mentioned part of the 
phenemenon is so obscure, that it is quite evident he had obtained only a 
very weak hold of the problem. After remarking that the compensatory 
effects of the two constant forces will maintain the body at a determinate 
distance from the centre, he then says, therefore the planet will appear 
balanced and floating on the surface.” 

Although Borelli's speculations piossessed much merit, still they 
were not sufflciently clear to lead to any measurable results, and 
until a complete dynamical view of the problem of centripetal forces 
could be obtained, it was obviously hopeless to attempt its mathema¬ 
tical solution. Without stopping here to notice the partial researches 
of Hooke, Huygens, Wren, and Halley-|-, we shall at once proceed to give 
some account of the immortal discoveries of Newton. This illustrious 
philosopher was horn in the year 1642, at Woolsthorpe, in the county of 
Xincoln. Before attaining the years of maturity he made a multitude of 
beautiful discoveries in Analysis, and was even in possession of the method 
of Fluxions when he was only twenty-four years of age. He was now 
about to enter upon a field of speculation which was destined to offer a 
magnificent theatre for displaying the resources of that powerful instrument 
of investigation. Pemberton states that Newton, having quitted Cam¬ 
bridge, for Woolsthorpe, in 1665, to avoid the plague, was sitting one day 
in his garden, when, he was led to reflect on the principle which causes all 
bodies to tend towards the centre of the earth. As this tendency did not 
appear to suffer an}’- sensible diminution on the tops of the highest huild- 

* ** Ideoque planeta libratus apparebit et supernatans. ” Theoricae Mediceorutn Plane- 
faruna in causis pliysicis deductse. Florentise, 1666. 

f We shall have occasion to notice incidentally in the following pages the labours of 
these philosophers on the subject of centripetal forces. Newton commenced his re¬ 
searches at least as early as any of his contemporaries; nor does it appear, throughout all 
this career, that he was indebted to one or other of them for any of his ideas. 
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ings, or even on ascending the loftiest mountains, it occui’red to him that 
it naight possibly extend to the moon ; and, if it did, might be the cause 
which retained that body in her orbit- Pursuing his meditations, he was 
led to imagine that a similar force directed continnally towards the sun 
might retain the planets in their orbits. But a question naturally 
suggested by this generalization of his ideas was this—f)id the solar force 
act with the same intensity on all the planets, or did it diminish with the 
distance from the centre, as the slower motion of the more remote planets 
seemed to indicate? His next step, therefore, was to determine, by a 
mathematical investigation, the magnitude of the force which retains a 
body ill a circular orbit, the force being continually directed to 
the centre of the circle. The solution of this problem gave him an 
expression for the centripetal force in terms of the velocity of the body 
in its orbit and its distance from the centre, or, which amounts to the 
same thing, in terms of the periodic time and the distance. Hence, 
when the relation between these two elements -was kno'wn, it was easy to 
express the force in terms of the distance alone, and by this means to 
ascertain the law according to which it Yaried. Now, Kepler had showm 
that the squares of the periodic times of the planets are proportional to 
the cubes of their distances from the sun ; Newton hence inferred that 
the planets are retained in their orbits by a force directed towards the 
sun and varying inversely as the square of the distance from his centre. 

The result of Newton’s investigation relative to the law of attraction 
was strengthened by the analogy -which other natui-al emanations 
from centres offered : lint it would manifestly have received a vast 
accession of support if it were found that the attraction exerted by 
the earth upon tlie moon, ^vhen compared with her attraction of ob¬ 
jects at tlia surface, diminislied also according to tli(3 same law of the 
distance. The solution of this question might, tliereforo, now be con¬ 
sidered as tlie ea'jicyinieiituin critcis which was to decide wlvether Newton 
had penetrated into the secret of tlie celestial motions, or whether lie had 
been occupying his mind with speculations of a purely mathematical 
nature. Now', the force -vvlheli determines the descent of a l)ody at tlie 
surface of the earth is moa,sui-ed by the. space through which it falls into a 
given small portion of time ; and tlie force which retains the moon 
ill her orbit is measui’cd by tlie versed sine of tlie small arc de¬ 
scribed by lier in the same time ; for, if no foi-co had acted, the moon 
would have proceeded in the direction of a tang(?.nt to her orbit, and the 
versed sine being tlie measure of deflection from tlie tangent, indicates, 
therefore, the intensity of the deflecting force. It is obvious that, in 
order to compare these two small spaces, tlicy must both he e.xpressed in 
terms of the same unit, as a foot for example. Now, the versed sine of 
the lunar arc is readily expressed in terms of tlie radius of the orbit, and 
again the latter is derivable from the earth’s radius by means of the lunar 
parallax. The question relative to the comparison of the two forces is, 
therefore, finally reduced to the determination of the distanc'e in feet, 
between the centre of the earth and the surface. This object may lie 
very readily effected when once the length of a. given arc of the meridian 
is known ; but, at the time we are considering, this point was by no means 
accurately ascertained. New-toii employed in liis ealcuhition the rough, 
estimate of 00 miles to a degree, whicli was in use among geographers 
and navigators ; w-licroas the real length of a degree is aliout miles. 
It may lienee be readily inferred that the result obtained by him did not 
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satisfy Ms expectations. Having determined the earth’s force upon the 
moon by diminishing the gravity of bodies at the surface in tlie ratio of 
the square of the distance from the centre, and then compared the result 
with the force indicated by the motion of the moon in her orbit, he found 
that, instead of the two quantities being exactly equal, the former ex¬ 
ceeded the latter by about one-sixth. Deeming this discordance too great 
to justify his bold surmise, he laid the investigation aside, doubtless with 
the intention of reconsidering it at some future time. 

hTewton’s attention was again called to the subject of centripetal forces, 
by a letter he received from Hooke, in 167 9, relative to the path described by 
a projectile, taking into account the effect of the earth’s diurnal motion. 
Hooke was unquestionably endowed with a genius of a very high oi’der; hut, 
partly from the desultory character of his researches, and partly from his 
deficiency in mathematical skill, he lias not achieved results by any means 
commensurate with his great acuteness and originality. As early as the year 
1666 he had illustrated, hy means of a beautiful experiment, the motion 
of a body revolving in an ellipse under the inffuence of a force directed 
continually to the centre ; and, in his letter to Newton on the occasion 
above referred to, he declared that, if gravity decreased according to the 
reciprocal of the square of the distance, the path of a projectile would be 
an ellipse, having the centre of the earth in the focus. Although this 
assertion was unaccompanied hy any proof, and consequently did not 
possess any merit beyond that of a sagacious conjecture, still it excited a 
strong interest in the mind of Newton, who had already devoted much 
attention to the subject of central forces. His researches had hitherto 
been confined to bodies revolving in circular orbits : he now proj>osed to 
investigate the vastly more difficult question of a body revolving in an 
orbit of variable curvature. 

Considering generally the motion of a body projected in free space, 
and exposed to the incessant action of a force tending towards a fixed 
centre, he arrived at the remarkable conclusion, that an imaginary line 
joining the centre of force and the body would constantly sweep over 
equal areas in equal times. Now Kepler had found that the planets 
revolve round the sun precisely according to this law ; it followed, then, 
that all these bodies w'ere retained in their orbits by a force directed con¬ 
tinually to the centre of the sun. 

It still remained for Newton to investigate the law of the force correspond¬ 
ing to the variation of the distance in the same orbit. According to Kepler’s 
first law, the planets move in ellipses, having the sun in one of the foci. The 
question, therefore, was to determine the law of the force hy which a body is 
compelled to revolve in an elliptic orbit, the force being continually directed 
to one of the foci of the ellipse. This problem is of a much more complex 
character than the similar one relative to a circular orbit. In order to form 
some idea of the difference between the two cases, we may remark generally, 
that when a body has once received an impulse in any direction, it would 
persevere with a uniform motion in the direction of the impulse, if it were 
not exposed to the influence of any extraneous force. Now, when a body 
revolves in a curvilinear orbit, it is continually changing the direction of 
its motion ; this is, therefore, a clear proof that it is acted upon by some 
force which continually deflects it from the tangent to the orbit in the 
direction of which it is every instant naturally endeavouring to move. 
Now, the force required to retain a body in a curvilinear orbit at any given 
point depends partly on the curvature of the orbit and partly on the 
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velocity with which the body is moving; for, with the same velocity, hut a 
greater amount of curvature, the body will require to be deflected in a 
given time through a greater space, and therefore the deflecting force must 
be more intense ; and again, for the saine amount of curvature, but a 
greater velocity, the body will be deflected in a ler,s time through the same 
sj)ace, and therefore in this case also the force will be more intense. In 
order that the centri 2 :)etal force may retain the body in its orbit without 
jiroducing any other effect, it is necessary that it should constantly act at 
right angles to the tangent; for, if it act in an oblique direction, it will 
he partly expended in increasing or diminishing the tangential motion, 
according as the body is aj)proacliiiig to, or receding from, the centre of 
force. Now, when a body is comjielled to revolve in a circular orbit by a 
force tending continually to the centre of the circle, the direction of the 
force is constantly perpendicular to the tangent; and therefore the force 
neither accelerates nor retards the body, but simjily retains it in its orbit. 
The velocity of the body will, therefore, continue uniform, and, since the 
curvature of a circle is also uniform, it follows, from what we have already 
stated, that the ceiitri^ietal force will have the same intensity for every 
j)oint of the orbit. 

But the question is much more 00111211 icated wlien wo consider 
the motion of a body in an elli 2 itic orbit. In this case, tlie force acts 
in an oblique direction with res 2 iect to the tangent at every 2 )oint of 
the orbit exce 2 it the two extremities of the major axis, and hence it is 
constantly expended, partly in deflecting tlie body into its orbit, and iiailly 
in accelerating or retarding the tangential motion. Tlie velocity being 
therefore variable, and the same being true with res^iect to tlie curvature 
of the ellipse, it follows tliat the deflecting force which de 2 )ends ujion these 
two elements is also subject to continual variation. This force, how'evor, 
which constantly acts at right angles to the tangent, can only bo increased 
or diminished by means of a corro.s 2 )ondiug change in tlni intensity of the 
centripetal force, of winch it forms one of tlio resolved parts. It I'ollows, 
therefore, that tlie coniri 2 >eta.l force varies not only from being more or 
less ellbctnal in retaining tlie body in its orbit, bnt also bueausij! the 
elements upon which tho elTectivo part depends are also in a state of 
continual variation 

Tlie jircceding reniaihs may servo in some dt'grce to show lli<* jieciiliar 
difficulties of the problem which now suggested itself to Newton. En¬ 
veloped as it was in eoiri 2 'lh*ations a.iid oliseiirities, Ills inviailive genius 
devised the means of itssolutioii, a.ndliefeund that the cent ripidal force varied 
inversely as the square of the distance from the foens of the ellijise- Tins 
I’csult accorded in a most satislVictory manner witli the conclusion to 
wliich lie was conducted by liis ]irevious researches, founded on tlio siqi- 
position of tlie 2 >lanGts revolving in circular orbits. Assuming the solar 

* The resistance ofrered by a iiody to move in a curvilbie.'ir orbit has licou ternicMl its 
ccntrifugul force ; it is therefore ciqual, and oppo.sitc to, the resolved part of tlie ceutii- 
pctal force, which acta perpendicularly to the tangent. Hence, when a body rcvoivc.s in a 
circular oibit by means of a force directed to the centre of tlu^ eirelo, lh<‘ centiijK'tal and 
eenirifugal forec.s will be eijual; but, in every other case, the bitter of Ihosi' lorci's will o.v- 
eeed the former, and will tend not to the centre of force, tmt to the ci'iiln^ of the circh! 
of curvature, corresponding to the intinitely .small are of tiu' orbil in whieb tlie body is 
nioving at tlu^ given instant. It is olivions (bat the eentrifngal forei' lias no positive ex¬ 
istence ; it ineri'ly arises from the resi.simiee ollered by (be inertia of tlie body, in virtue 
of which the lultcr lends eorrstaiitly to persevere in a .straight line. 
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force to extend to tlie remotest planets, and to vary everywliere according 
to tlie inverse square of the distance from the sun, he demonstrated that 
the squares of the periodic times of the planets would he proportional to 
the cubes of their mean distances. This was the third of Kepler’s famous 
laws of the planetary motions. It followed, therefore, that the law of the 
inverse square of the distance was true, not only when the distances re¬ 
lated to the same orbit, but even when they were compared in different 
orbits. He had already arrived at this conclusion, by assuming the orbits 
to be circular, and now he found it to he demonstrable for the more 
rigorous case of elliptic orbits. 

dSTot-withstanding the satisfactory nature of Newton’s researches relative 
to the planets, the law of gravitation appeared to his cautious mind to be 
imperfectly established, so long as the serious discordance offered by tlie 
moon remained unexplained. A circumstance, however, had recently oc¬ 
curred, which induced him to suspect that the cause of this discoi*dance 
lay in assuming an erroneous value for a degree of the meindiau. We have 
mentioned that, in computing the earth’s semi-diameter, he used the com¬ 
monly received estimate of 60 miles to a degree. Picard, the French as¬ 
tronomer, however, having in the intermediate period measured an arc of 
the meridian with great care, and obtained a result considerably different, 
he resolved to repeat his previous calculation by means of it. To his mi- 
speakahle delight he now obtained a result which completely harmonized 
with his researches on the planets. Assuming that the semi-diameter of 
the lunar orbit was equal to 60 semi-diameters of the earth, he found that 
the space by which the moon is deflected from the tangent to her orbit in 
one minute is exactly equal to the sjiace through which bodies at the 
earth’s surface fall in one second. In order to appreciate the coiiclusivc- 
ness of this result, we may remark that, when a body is acted upon by a 
continuous force during a small portion of time, the spiace described by 
it in consequence varies in the direct ratio of the force and the square 
of the time. Hence if the force be supposed to vary iii tbe inverse 
ratio of the square of the distance, the space will vary as the square of 
the time directly and the square of the distance inversely. It is clear, 
then, that when two bodies are placed at unequal distances from the centre 
of force, the minute spaces through which they are drawn by the force can 
only be equal, when the time, during which the more remote body is under 
the influence of the force, exceeds the corresponding time of the nearer 
body, in the same ratio in wdiich its distance from the centre exceeds the 
corresponding distance of the other. Conversely, if twn bodies fall through 
equal spiaces in times which are to each other in the dhect ratio of tlio 
distances from the centre of force, we may conclude that the force varies 
in the inverse ratio of the square of the distance Now, Newton assumed 
in his calculation that the moon is 60 times more distant from the centre 
of the earth than objects at the surface ; and he found that the time occu- 

^ Let./ J' he the force of gravity at the earth’s surface and at the moon, d d' the cor¬ 
responding distances from the earth’s centre, s s' the minute .spaces through which bodies 
would fail at those distances in the times t t'; then, as mentioned in the text, we have 
s — a being a constant quantity. Now, if we assume with Newton, 

2 1 

that 5 = s', we have/i-=/ t'- ; hence/;/' i- : t''\ But Newton found that t ; t' 
1111 11 

d : cV I therefore!^ ; and consequently,/; / \~il- ; d'-. 
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pied by her in falling tliroug'li a given space -5- was exactly 60 times g*reater 
than that occupied by a body at the earth’s surface in falling through an 
eq^nal space. It thus appeared that the force which retained the moon in 
her orhit, as deduced from her actual motion, was less than the force of 
gravity at the earth’s surface, in the exact ratio of the inverse square of 
the distance from the centre of the earth•}•. 

When ISTewton had thus satisfied himself hy indisputahle evidence that 
he had discovered the true law of gravitation, he proceeded to investigate 
more profoundly its real character. He had found that the planets gravi¬ 
tate towards the centre of the sun, and tire satellites towards the centres 
of their respective primaries, hut it did not escape liis sagacity that these 
points could not of themselves exert any physical influence ; and that the 
attractive force was directed towards them solely in consequence of the 
mass of material particles which in each case surround them. He was 
thus led to regard the princi^rle of attraction as residing in the constituent 
particles of the attracting body, and to conclude that the tendency of the 
force to the centre was no other than the resultant of all the molecular 
forces acting with unequal intensities and in dillerent directions. In or¬ 
der to establish this important fact, it was necessary for him to investigate 
the nature of tlie attraction exercised hy a mass of particles agglo¬ 
merated in the form of a sphere ; for observation sliowed that all the 
heavenly bodies were spherical, or very iioaiiy so. In tiro course of these 
researches he was conducted to the remar-kahle conclusion that, if the 
sphere were of uniform density, or even if it consisted of concentric strata 
of uniform density throughout each stratum, hut ditfeving in density from 
one stratum to another, the comhiued effect of tire atUuction of all the 
moleculevS would be tire same, both in intensity and direction, as if the 
whole mass had been colhrcted at tiro conti’e. This result iilTorded a most 
satisfactory explanation of tire fact lliat, in accomi ting for tlio inotioiinf tluri 
plairets liy a solar force, varying according to inverse stjuare of tin' dis¬ 
tance, it was in iill cases fuuiid in-oessaiy t.o uieasui’c I lu( disiancc fi'om (lie 
centre of the sun; and the same explanation ajqilied Ic) (bo niot.joiis of 
the satellites round tlioir rcsirect.ivc irrimaries. 

Haviirg thus assured himself that the tendency towinals the central body 
was due to a quality iirlrercnt in the constituent p:u*ticlcs, and not to any 
virtue residing iir tire centre. Ire natiirnlly was led to siipposo that this 
tendcucy must he mutual for all tiro ])arts of nm.lto.i-, and tlrirt as tlio sun 
attracts the planets, and the planets tfic saluillitcs, so, in like niiiniior, (lie 
planets attract the sun, and tire sa,t<dlitc.s the jilanof.s, and even olijoets at 
the surface of the earth attract the earth. Tlio eijualil.y of actieii and re¬ 
action, which was strikingly lllustraicil in all l.bo other ndatioirs of the 
material world, rendered tliis yireposition sclf-cvidcut; nor did Iris sagacity 
fail to discover sensible nranifestations of this principle in tlic iri.'ogalar 
movements of the celestial bodies, especially in ilroso of the moon ];. lie 

'''■ The force which retains the moon in her orbit is here supposed to act in I lie same 
direction during a very short space of time- This supposition is not strictly tnic, l>ut for 
a very small arc oF the lunar orbit it cannot sensibly afVeet the final result. 

-|- It. i.s said that Newton became so much agitated as soon as Ik' In-gnu <o snsjicct (he 
probable result of liis calculation, that he was conqielled to assign (o a IVieml the (ask of 
bringing it to a conclusion. 

;]■. Cotes, in hi.s adrairablo preface to the .st'oond c-ditiou (if the Principia, (leiiioii.slr.'ites 
in the following .simi)Ic and eonvineiog in.-imitn- that (he aeliou of gravity i.s cupial on both 
sides; — “ IjOt tlie mass of the earth he divuled into uuy two parts whatever, (.nther CMjnal or 
anyhow unequal; now, if the; weight.s of (lie part.s towards eai*li tidier were not mutually 
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tlierefore finally arrireoL at the conclusion, that every 2^cirticle of mattey' in 
the ivni'veree attracts every other joartiolef with a force varying inversely as 
the squa7'0 of tJiei?’ tnulual distances, and dwectly as the mass of the 
attracting jparticle. 

Wlien Newton had thus ascended to the principle of gravitation in, its 
most comprehensive form, he devoted the whole energies of his vast 
intellect to the unfolding of its conseq^uences; and, with a sagacity and 
power of investigation unexampled in ancient or modern times, he suc¬ 
ceeded in. tracing all the grand phenomena of the universe to its agency. 
Considering generally a body projected in free space, and exposed to the 
action of a central force, varying according to the inverse square, of 
the distance, he demonstrated, by means of a beautiful geometry which 
lie had specially invented for such researches, that the body would re¬ 
volve in a curvilinear orbit which would be some one of the conic sec¬ 
tions. It might he a circle, an ellipse, a parabola, or an hyperbola, but 
it must necessarily be one of them—the question as to the particular 
species of curve depending entirely on the primitive position of the body, 
and th,© velocity of the impulse- He showed that, wheu once the initial 
clistanc© and the velocity and direction of th© impnise were given, not 
only the conic section in which the body would move was readily 
assignable, but also the magnitude, position, and form of the orbit. 
Applying these principles to the motions of comets, he discovered that 
these bodies, like th© planets, are retained in their orbits by tlie at¬ 
traction of the sun; and he invented a method for determining the ele¬ 
ments of a comet’s oi’bit, by means of three distinct observations. 

I:Ie perceived that, while the planets and satellites are mainly 
influenced hy the attraction of the central bodies round which they 
revolve, they are also liable to be disturbed in their motions by their 
mutual attraction. Considering the moon as disturbed by the sun in her 
orbit round the earth, he found that the action of that body would ac¬ 
count for the numerous inequalities which astronomers had from time to 
time detected in her motion. He demonstrated that the mean effect of 
snch a disturbing force wonld be to cause the apsides to advance in the 
direction, of the moon’s motion, and the nodes to regress in the opposite 
direction, both of which results are conformable to observation; nor did. 
he stop here, but actually computed the exact quantity of many of the 
most important of the lunar inequalities. He discovered that the mutual 
gravitation of the molecules composmg the earth’s mass, combined with 
the centrifugal force generated by her inotion round her axis, would cause 
her to h© flattened at the poles. Assuming the actual figure to be an oblate 
spheroid, he assigned the ratio between the polar and equatorial axes, and de¬ 
termined the law of gravity at the surface. With a sagacity almost divine, he 
perceived that the action of the sun and moon upon the redundant matter 
accumulated at the equator, wuuld produce the slow conical motion of the 
earth’s axis which occasions the Precession of the Equinoxes, and he .indi¬ 
cated the quantity of the motion due to each of the two disturbing bodies. 
He shewed, also, that the attraction of the sun and moon, by elevating the 
waters of tlae ocean, would continually disturb their equilibrium, and would 
thereby give rise to the phenomenon of the Tides. Finally, what is 

equal, the lesser weight would give way to the greater, and the two parts joined together 
would continue moving in a right line ad infinitum, towards the part to which the ^-eater 
weight tends; a result which is entirely contrary to experience.” 



HTSTOR? OF PHYSIOAI. ASTBONOMY. 


07 

9 


perlia|)S the most astonishing of all the results to 'which he was conducted 
by his theory, he found that the quantities of matter contained in the 
heavenly bodies might be ascertained by observing the effects of their 
mutual attraction. JBy means of this principle, he was enabled to com¬ 
pare the mass of the sun with the masses of those planets that are accom¬ 
panied by satellites, and also to compare the mass of the moon with that of 
the earths. 

Newton has given a full exposition of these sublime discoveries in his 
immortal work, the Principia. As the appearance of tliis work was 
destined to introduce a new era in science, it may not be uninteresting to 
mention briefly the circumstances connected with its publication. Newton 
does not appear to have contemplated communicating to the world his 
researches on the subject of gravitation until the occasion of a visit i)aid 
him by Dr. Plalley in 1684. About the beginning of that year, Halley 
had discovei-ed, by means of Kepler’s third law, tliut the centripetal forco 
for circular orbits varied according to the inverse square of the distance. 
This result gave him the law of the solar force from one orbit to another, 
on the supposition that the planets move in circles, witli the sun in the 
centre ; but, as in reality, they move in elliptic orbits, witli the sun in the 
focus, the distance, in the same orbit, was subject to continual variation ; 
and hence it became necessary to ascertain the corresponding variation of 
the force. P’inding his mathematical powers inadequate to tlie task ol’ 
successfully grappling wdth this more difficult problem of dynamics, lie 
applied to Wren and Plooke, in hopes of receiving from eitlior of tliem 
a solution of it. Wren, according to Newton’s statement, had deduced the 
law of the inverse square of the distance (for circular orbits) several years 
previous to Halley’s present communication with liim. When Halloy pro¬ 
posed to him the problem of the law of the force in an elliptic orbit, he 
replied, that he had bestowed mucli thouglit on it, but was compelled to 
give it up from inability to make any im])rcssi()n on it. Hoolvo nssei'ted 
that he had solved it, and had ftuind tliat tlio i’orce. varied according (o 
the inverse square of the distance. When ])reHscd to ])roduc(^ bis solution, 
lie refused to do so, declaring that lie would conceal it, until otliers Irying 
and failing, might know how to valije it when lie should make it public. 
It is quite clear, however, that he was unable to support his al^serliou l)y 
any mathematical proof, for if such had been flie case lie ^vouhl liave giveti 
it forth to the world as the surest means of vindicating his chiims, when 
he attempted, a year or two afterwards, to appropriate to himself tlio credit 
of Newton’s discoveries. 

Unable to obtain a solution of this interesting problem from any of bis 
acquaintance in London, Halley proceeded to Oamlnidge, in the niontli of 
August, J6S4, for the express purpose of conferring with Newton on the 
subject. To his inexpressible delight, he learned the good news that bis 
friend had already brought the demonstration to xierfection. So little was 
Newton’s mind occupied at this time with such researches, that lie was 
unable to lay his hand on the papers relating to them Avhen 1 [alley visiUnl 
him, but he promised to send them to him soon affer Ids return to 
I.ondon. It appears that Newton subsequently worked out llie jiropo- 
sitions afresh, and transmitted them to 1 lallcy, in tlic month of Novomher 
of the same year. Halley immediately sot' out u])on a second visit to 

* For a concise but very luminous exposition of (he mode by wbic'li Newton establisbed 
the principle of gravitation, sec the “ History of Astronomy,’’ Library of Useful Know¬ 
ledge, p. 83, et seq. 
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Cambridge, to procure more information, and to encourage Newton to 
pursue Ms researcbes. In December, of the same year, we learn the 
progress of Newton’s labours, from Halley's announcement to the Society, 
on the lOtb of that month, “ that he had lately seen Mr. Newton, at Gam- 
bridge, and that he had shown him a curious treatise ‘ de Motu,’ which, 
upon his desire, he said was promised to be sent to the Society, to be 
entered upon their register.In fulfilment of his promise, Newton 
transmitted to the Society, about the middle of February, 1685, a paper 
containing his early researches on centripetal forces. This communication 
consisted of eleven propositions, the greater numher of which were similar 
to those which subseqiuently formed the second and third sections of the 
Principia. Newton, in acknowledging tbe registration of his paper hy the 
Society, thus writes to Mr. Aston, the secretary, on the 23rd of February. 

“ I thank you for entering in your register my notions about motion. I 
designed them for you before now; hut the examining several things has 
taken greater part of my time than I expected, and a great deal of it to 
no purpose. And now I am to go into Lincolnshire for a month or six 
weeks. Afterwards I intend to finish it as soon as I can conveniently. ”| 
It is quite clear from the above letter that, although Newton was already 
in possession of the groundwork of all his discoveries iu Physical 
Astronomy, he had not at this time developed Ms thoughts beyond the 
substance of the brief essay transmitted to the Society. Indeed, he can 
hardly he said to have entered seriously upon the composition of the 
Principia until his return to Cambridge, in April, 1C85. Mr. Higaud 
has justly remarked, in reference to this fact, that the Principia was not 
a protracted compilation from memoranda which might have been written 
down under the impression of different trains of thought. It had the 
incalculable advantage of being composed by one continued effort, during 
which the mutual bearing of all the several parts was vividly presented to 
the author’s mind I. 

On the 21st of April, 1686, Halley read before the Pioyal Society a 
paper on gravity; in which, after alluding to the labours of Galileo, 
Toricelli, and Huygens, he mentions the truths “ now lately discovered 
by our w'orthy comitrymau, Mr. Isaac Newton, who has an incomparable 
‘ Treatise of Motion’ almost ready for'the press.” § The prospect held out 
by Halley w^as very soon realised ; for, on the 25th of the same month, 
Dr. Vincent presented to the Society a manuscript treatise of Mr. Isaac 
Newton’s, entitled, “ Philosophise Naturalis Principia Mathematica.” 
This was the first book of the Principia. The Society directed that a 
letter of thanks should be addressed to the author : tliey also referred the 
question of printing it to the consideration of the Council, and the drawing 
up of a report on it to Dr. Halley. On the 19th of May, the Society 
ordered that the book should be ]oriuted forthwith : whence an impression 
has been generally formed that the Principia was printed at the expense 
of that body. This conclusion, however, is not borne out by the words on 
the title page of the w^ork, which are, “ Jussu Societatis Regise,” not 
“ Jussu et Snmptibus,” as was usual in those cases where the expense of 
printing w^as defrayed out of the funds of the Societj^ But a decisive 

* Journal Book of the Royal Society; see also Rigaud’s Historical Essay on the first 
publication of the Principia. Oxford, 1838. 

t Letter Book of the Royal Society, vol. x. p. 28. See also Rigaud’s Essay. Ap¬ 
pendix, page 24. The original letter has not been discovered. 

t Rigaud’s Essay, page 25. § Phil. Trans,, %'ol. xvi. p. C. 
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refutation of tlie current opinion is furnislied by a resolution jiassed at the 
meeting of the Council on the 2nd of June, to the effect that Mr. Newton s 
book be printed, and “ that hh Halley shall undertake the business of 
looking after it and |)rinting it at his own charge, which he engaged to 
do.” The fact is, that when the Council, which took cogniiiance of all tho 
pecuniary affairs of this Society, came to consider the resolution adop)ted 
at the general meeting of May the lOtli, they found that the state of their 
finances could not admit of their carrying it into effect. A work, “De 
ITistoria Pisciuin,” hy Fr. Willugliby, had been published in 1080, “ Jussu 
et Suinptibus,” and the outlay incurred by this publication appears to have 
completely exhausted the funds of the Society. To such extremities, 
indeed, Avere they reduced by this act of imprudent liberality, that they 
were compelled to pay their officers in copies of this Avork on fishes, in 
consequence of their inability to procure purchasers for it. 

Meanwhile a Auolent reclamation was raised by Hooke relative to the 
discovery of the law of gravitation. This individual, A\dio Avould be well 
entitled by liis genius to occupy a high place in the liistory of physical 
science, if he had displayed more uprightness and moderation in his rela¬ 
tions Avith contomporary pliilosopliers, had no sooner lieai-d of the manu¬ 
script AAdiich Dr. Vincent Jiad presented to the society in NeAvton’s name, 
than lie asserted tliat it was he wlio first communicated to the author tlio 
law of the inverse square of the distance, as Avell as various other dis¬ 
coveries announced in the manuscript. We have mentioned that, as early 
as 1000, Hooke had arrived at A-ery accurate notions on tho subject of 
centripetal forces. In 1074 he published a Avork, entitled “An Attempt to 
ju'ove tlie Motion of the Kartli from Observations,” in which ho describes 
the general nature of gravitation Avith remarkal)le clearness and accuracy. 
Although, liowevor, he remarked that tho attractive forces acting lietween 
bodies “ are more powerful as the distances from the centi'cs are less,” it is 
quite clear that the idea of computing by a mathematical investigation tho 
intensity of tho force in any case at different distances from tiio centre, 
and tlierehy ascertaining tlie law of its va.riation, did not a.t all oemiv to 
him: for, after referring to tho varying intensity of llio force, he tlicn 
goes on to say: “now what these several degrees are I have not yet c.c- 
vcrilled.” It would appear, liowe\-er, tliat, guided by tlio 
analogy of otlicr emanations from centres, lie liad subsequently adopted 
the inverse square of tlie dislaiu*e as the law of the force Avhich retains 
tlie jilancts iii their orbits; and tlicn, extending tlio same huv to tho 
earth, ho concluded, by an inversion of the question, that the patli of a 
pi'ojectile Avas an ellipse, with the centre of the cjirtli in the focus. We 
iiave mentioned already that J looko was uiiahle to jirodiico a dcmonstni- 
tion of the law of tlic inverse, square of tho distance, although he boasted 
repeatedly that, lie had arrived by legiliniato reasoning at that result. 
The fact is that, althougli a inuu of c.xtraordinary acuteness in physical 
matters, he had no talents for mathematical science ; and this ilcfcct con¬ 
stituted ail effectual liar towards his establishing, upon a saiisfaciory basis, 
a]\y of tho great truths relating to tho l.licoiy oj’ gravitation. 

But although Hooke’s poAvers were ina.dcqiniti'. to the, comjtlcto investi¬ 
gation of the problem of centrijxdal f<>rc<'s, ihcrc was nnicli merit, in tlie 
clearness with which ho poinlctl out tln^ nmde in wliieh a luxly is retained 
in a curvilinear orldt by a, fbrc<\ (amtinually diia'cted towards a li.xed cen¬ 
tre. His A'icws on this subject wei'o in strict accordance witli mechanical 
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principles, and it must "be admitted that they formed an important step 
towards a rigorous solution of the problem. 

^ "When Halley learned the extreme pretensions of Tdoohe, he deemed it 
his duty to acquaint Newton with the charge preferred against him. This 
called forth, a long and interesting letter from Newton, dated June 2Gth, 
1686, ill which he mentions a variety of particulars connected with tho 
progress of liis researches. He asserts that he had discovered the law of 
the inverse square of the distance (for circular orbits) even previous to tho 
publication of Huygen’s treatise “De Horologio Oscillatorio.” * He 
admits that he was led to consider the law of the force in an elliptic or¬ 
bit by Hooke’s letter to him in 1679, but he positively denies being in¬ 
debted to him ill any other way for the results at which he arrived. This 
letter contains some interesting information relative to the progress of his 
labours in composing his great work. “ I designed,” says he, “ the wdiolo 
to consist of three hooks ; the second was finished last summer, being 
short, and only wants transcribing, and drawing the cnts fairly. Some 
new propositions X have since thought of, which I can as well let alone. 
The third wants the theory of comets.” Thus it appears that, about fif¬ 
teen. months after he returned from Xiincolnshire to Cambridge, he had 
almost completed the three books of the Principia. This fully corrobo¬ 
rates the statement of Pemberton, that Newton was engaged only about’ 
eighteen months in the composition of his immortal work. When we 
contemplate, in connexion with this fact, the xirodigious mass of original 
discoveries announced in the Princq^ia, the mind is lost in amazement at the 
power of thought which could have reared into existence so stupendous a 
monument in such a brief space of time. 

Newton seems to have been so much disgusted with Hooke’s violent conduct, 
that, in the letter above referred to, he intimated his resolution to suppress 
the third hook altogether, containing the application of his dynamical dis¬ 
coveries to the system of the world. On the occasion of announcing his 
splendid discoveries in Optics at an earlier period, he had experienced much 
annoyance from the ignorance and j ealousy of rival claimants, and he now feare d 
that his peace of mind might be disturbed again by a similar cause. “ Philo¬ 
sophy,” says he, “is such an impertinently litigious lady, that a manJiadas 
good be engaged in lawsuits, as have to do -with her. I found it so formerly, 
and now I am no sooner come near her again but she gives me warning. 
The tw'O first books without the third will not bear so well the title of ‘ Phi¬ 
losophise Naturalis Principia Mathematicaand therefore I had altered it 
to this, ‘ De Motu Gorporum libri duo;’ but u^eon second thoughts I retain 
the former title, Hwill help the sale of the book, which I ought not to di¬ 
minish now ’tis yours.” Halley wrote a soothing rexdy to Newton, declar¬ 
ing his belief in the groundlessness of Hooke’s charges, and imploring him 
not to persevere in his resolution of suppressing the third book of his 
work. New'ton seems to have listened favourably to the advice of his 
friend, and he gave a x^i’oof of liis coueiliatoiy disxoosition by adding a 
scholium to the fourth proposition of the first book, in which he mentions 
that Wren, Hooke, and Halley, had edl found, by means of the relation 
between the periodic times and the distances, that the force which retains 

=» In a subsequent letter to Halley, dated July 14th, 1686, he mentions having arrived 
at the law of the inverse square of the distance, by means of Kepler’s theorem, about 
twenty years previously. This would carry back his original speculations to about the 
time assigned to them by Pemberton. The original of this letter is in the guard-book of 
the Royal Society- 
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tlie celestial bodies in tlieir orbits (supposed circular) varies according to 
the inverse square of the distance. 

It is impossible too much to admire the condiict of Halh^y iu regard to 
the part he took in the publication of the Principia. .Indeed we may 
reasonably doubt Avliether that immortal work would ever have been 
Avritten at all, if it had not been for his enlightened zeal in the cause of 
science ; for Newton himself appears to have l)eeu iml>iied nmch more 
strongly with the love of pondering in secret over Ids discoveries, tliaii ho 
Avas urged by the equally natural feeling of cominunicating them to otlicrs. 
This disposition of mind Avas fostered by a lively mccilb'ctioii of the an¬ 
noyance he had sulfered from the puldicution of liis rescarc-lics in Optics, 
and the consequent dread he entertained of liaving Ins tranquillity again 
disturbed by a controversy witli envious rivals. J [alley, tliereft>re, basiilos 
discovering the only individual living ayIio could unfold tlio pliysical 
theory of the celestial motions, is entitled to llio ci’e<lit of liaving per¬ 
suaded him to communicate bis discoveries to the Avoi'ld. Nor was this 
all; for, as has been already 1 lintcd, he defrayod the expenso o(‘ publish¬ 
ing^' the Principia, at a time too when liis liuaiKais (Muild ill alVord sucli 
an outlay !; iiudertook tlio revision <if it in its lungress thnmgh 

the press. Posterity has retained n grateful retaillect ion ul (hose priiua's 
Avlio at different peViods of Ivistory have. <Hstinguished their reign by a, 
munificent patronage of learning and Heien<*e ; hut, among all those wb<^ 
have thus contributed iudireell 3 f to the progress of luiowledgo, t.lmro is 
none who exhibits such a liriglit example of ilisintmAxstodness ami sidf- 
aacrificing zeal as the illustrious superiiiteudeut of the first, edition of the 
Principia. It is pleasing to relh'ct that llalb'y reeeivi'd such a iioblo re- 
Avard for bis exertions in tlic splendid discovery with which liis name is 
immortally associated, and to which he was mainly ceuducted by New¬ 
ton’s researches on comets. 

The Principia was published in 1 tiS?', and was dedicated to tlio 
Pvoyal Society. At the bcgiimiug <»f it was inserted a Ida.tiu pomn in 
lie/xamctcr verse by Halley, iu Iioiumr of Newton’s discoveries. Tlic! eon- 
eluding lino runs thus :— 


an eulogium,” 


“ Nec fas ('st, propins mortali attiugcrc <livt>s ; 

says the severe Delamhre, whidi no one has clmrgeil with 


exaggeration. ” § 

Tlie wliole work is divided into liircc liooks, I’he first, liook t reats of 
motion in free space; the second is oeeupiod clrielly with <]uosl.ions re¬ 
lating to resisted motion ; the third is iqum the system of tho worhl. 

Tlie first hook is divided into fourteen sin-tions, and eontains iiiiiety- 
eight propositions, licsides a mimltcv of corollaries, leinivias, and scliolia. 
In the first section, Newton explains the geometry which lie employs in 
bis subsequent iiivestigation.s. It is termed by him tho metlind of prinui 
and ultimate ratios, and is essentially the same a.s the din’orentinl cabailns. 
In the second section he enters upon the subject of ceutriiietal f<a’c<'s, 
demonstrating Kepler’s theorem of areas, and invcstiga,tiug the hiAv of tlio 


It must be midcrstood that. Halley was .sub.sequently reiniburscd for (he (wpeiiHCH 
connected with tlio publication of the Principia by tli<' sale of the eopie.s of lln^ work. 

•t He was brought up in atlluent eircunistaiices, but in l(iH4 liis fallier died, lifter c<mi- 
ple-tely wasting bis fortune. 

I Nor is it lawful for mortals to approaeh nearer the Deity. 

§ Histoirc de 1’Astronomic de Dixhuitieino Sicclc, p. ti. 
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force in various curves. In the third section, he considers the motion of 
a "body compelled to revolve in any of the conic sections by a force 
dii'ccted continually to the focus. The fourth and fifth sections are 
purely geometrical, relating to methods of drawing conic sections through 
given points and touching given straight lines. The sixth section treats 
of the motion of a body in a given orbit. The seventh treats of the 
motion of a body ascending or descending in a straight line relative to the 
centre of force. The eighth contains the investigation of the orbit 
described by a body when the law of the centripetal force is given. The 
nmth relates to the motion of bodies in moveable orbits. This section 
contains the famous investigation of the motion of the aj)sides. The 
tenth treats of bodies moving on given surfaces, and of the motion of 
pendulums. 

Hitherto Newton has been considering only the motion of material 
points. In the eleventh section he investigates the motion of bodies 
exposed to their mutual attraction. The twelfth treats of the attraction 
of spheres. The thirteenth of the attraction of bodies not spherical. 
The fourteenth relates to the motion of small particles passing from one 
medium into another. 

The second booh is divided into nine sections, and contains fifty-three 
propositions. It treats of bodies moving in resisting media upon different 
hypotheses of the resistance; and, whether moving in straight lines, or 
curves, or vibrating like pendulums. It also tabes cognizance of the 
more recondite parts of several other branches of the Physico-mathematical 
sciences. The second lemma to the eighth proposition contains an 
exposition of the method of Fluxions, which is rendered necessary in most 
of the investigations of this and the following hook. 

The third book contains forty-two propositions. From the first to the 
eighteenth inclusive, Newton demonstrates various general theorems 
relative to the attraction, of the sun, moon, and plaiaets. In the nineteenth 
and twentieth he investigates the ratio of the earth’s axes, and compares 
the weights of bodies at the surface m different latitudes. In the four 
following propositions, he show's that the precession of the eq[uinoxes, the 
irregularities of the moon and the other satellites, and the phenomena of 
the tides, are all explicable by the principle of gravitation. From the 
twenty-fifth to tbe thirty-fifth inclusive, he computes the various in¬ 
equalities of the moon’s motion. The thirty-sixth and thirty-seventh 
treat’ of the tides. The thirty-eighth, of the figure of the moon. The 
thirty-ninth, of the precession of the equinoxes. The remaining three 
propositions are devoted to the theory of comets. At the conclusion is a 
scholium to the whole work, containmg general reflections on the con¬ 
stitution of the material universe, and on the eternal and omnipotent 
Being who presides over it 

The publication of tbe Principia marks by far the most important 
epoch in the history of physical science. Previous to its appearance the 
researches of philosophers may be said to have resembled the voyages of 
the early navigators, wbo continued creeping timidly along the coasts, 
vyithout daring to launch theh barks into the boundless ocean. Newton, 
like another Columbus, disdained to confine himself within the common- 

* Besides tbe original edition of the Principia, two others were published during 
the life of, the author. The second edition was published at Cambridge in 1713, under 
the superintendence of Cotes. The third edition was published at London in 1726, by 
Pemberton. ' 
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place conventionalities of ordinary minds; and, guided by tlie eagle eye 
of genius, explored tlie secret springs 'wliicli animate a wliole system of 
worlds. We cannot convey to the general reader a more adequate idea of 
the merits of the incomparable work just mentioned, than by 
citing the judgment pronounced upon it by the most illustrious of 
Newton’s followers. Laplace, after enumerating the various astrotiomical 
disoovei’ies first announced in the Principia, concludes in the following 
terms :—“ The imperfection of the Infinitesimal Calculus, when first dis¬ 
covered, did not allow Newton to resolve completely the difficult problems 
which the system of the w'oiid offers, and he Avas often compelled to give, 
mere hints, which are alw'ays uncertain until they are confirmed by a 
rigorous analysis. Notwithstanding these unavoidable defects, the number 
and generality of his discoveries relative to this system, and many of the 
most interesting points of the Physico-inathematical sciences, the multi¬ 
tude of original and profound views, which have been the germ of the 
most brilliant theories of the geometers of the last century, all of Avhich 
were presented with much elegance, will assure to the Principia a pre¬ 
eminence above all the other productions of the liumau intellect.” * 


CHAPTER II. 


Ncxvlon’s Intellectual Cluaracter considered in connexion with his Seientifio Itese;irehes.— 
His Inductive Ascent to the Principle of Gravitation.—-Motion of a Body in an 
Orbit of Variable Curvature.— Attraction of a Spherical Mass of Particles.—Dcvclope- 

inent of the Theory of Gravitation_General Eifects of Perturbation-Inequalities of 

(he Moon compnted-Aid afforded by the Infinitesimal Calculus.—Figure of the 

Earth.—Atfniclinnof Spheroids_Precession of the Equinoxes.—General ac-curacy of 

Newton’s Results.—Anecdotes illustrative of his Nuturrd Disposition. —Mis Death and 
Interment. 


Newton Avas singularly oudoAved with all those qualities Avliicdi enable the 
mind to unfold the Iuavs of tbo material world, lie could delect witli a 
glance tlio distinctive features of natiu'ul pbenomena, and Avith mar¬ 
vellous sagacity divine the principles on which they depended. With 
these A'alnable qualities ho combined a pronenes.s to geueraliziatiou, Avliicli 
constantly led him to connect together the fa.cts he wa.s (iontemplating, 
and advance from them to more cornjjrelieiisivG vicw.s of tlie opertitions of 
nature. He possessed also poAVors of matliematica,! invention adequate on 
all occasions to surmount the difficulties he miglit encounter, either in 
ascending l)y induction to general laws, or in subsequently rodescending 
from them to the explanation of their various conseqiusnces. When avo 
consider, moreover, that he Avats imbued Avitli an extreme love of truili, 
Avlnch induced him to reject all sjteculations, liOAvever ingenious and 
beautiful, that were not reconcileable Avith facts—tha.t his Avliolo soul Avas 
Avrapped up in the study of nature and her AAurks, and that Ika posso.ssed 
ill an extraordinary degree the power of concentrat ing llio Avholc cncrgic.s 
of his intellect upon the object of bis researches, we may form some 
conception of tlie advantages under Avbicli lie approached tlic examinatitni 
of physical questions. It is, iu fact, in conscqueucc of Ids possession of 

* E.Kposition du Systcrnc du Monde, liv. v. chap. v. 

r> 
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all tliese (Qualities in so liigh a degree, that he stands -without a rival 
among ancient or modern philosophers. His discovery of Universal 
Gravitation, beyond all comparison the greatest achievement that the 
human mind can boast of, affords abundant illustration of the truth of 
this remark. Throughout the magnificent train of investigations Avhich 
that discovery suggested to his mind, we see him constantly uniting the 
sagacious and comprehensive views of the genuine interrogator of nature 
with the fertility of invention, the skilful research, the profundity and 
elegance, of the consummate mathematician. We have, in fact, presented 
to ns the unexampled combination in one individual of all those attributes 
of genius which ennoble the human intellect, and -which have thro-\vn the 
halo of immortality around the names of Kepler and Leibnitz—of Galileo 
and Descartes—of Bradley and Laplace. 

The transcendent powers of Newton’s intellect are equally discernible 
in his inductive ascent to the principle of gravitation, and in his sixh- 
sequent develop ement of its numberless consequences. Notwithstanding 
the sagacity he exhibited in connecting the fall of a stone at the 
surface of the earth with the motion of the moon in her orbit, and 
both of these phenomena with the motions of the planets round the sun, 
he would inevitably have failed in establishing this sublime conception as 
a physical truth, if he had not also possessed sufQcient mathematical 
genius to solve the problem of central forces for an orbit of variable cur¬ 
vature. To those who are acquainted -with the state of mechanical sci¬ 
ence in Newton’s time it -would be superfluous to mention that the highest 
powers of invention were indispensable for this purpose. When we reflect 
on the fact that Kepler spent a considerable part of his life in vain efforts 
to establish a connexion between the motions of the planets and the con¬ 
tinual agency of some physical principle, that the question entirely escaped 
the sagacity of Galileo, and that Huygens, although in complete posses¬ 
sion of the laws of motion, was unable to advance in its solution beyond 
the case of a circular orbit, we may well imagine the obscurity in which 
it was enveloped, and the mathematical difficulties which the investigation 
must have offered. Even when Newton had succeeded in this research, 
he merely established the mutual gravitation of the planets, accord¬ 
ing to the law of the inverse square of the distance, but he -was not 
also enabled to extend the same pj^'i^ciple to the ultimate particles 
of which the masses of the planets are composed. In order to effect 
this object, and thereby to establish the law of gravitation in its 
■widest generality, he was compelled to determine the effect of the 
atti’action of a spherical agglomeration of particles. This problem is 
of a totally ox^posite nature to the one already referred to ; for here we 
have an infinite number of pai’ticles in juxtaj^osition, all attracting the 
body with unequal intensities and in different directions. Its intricacy is 
manifest at first sight; nor was this circumstance compensated by any 
Xoreliminary hints calculated to facilitate its solution, for the more con¬ 
ception of such a x^i’<3hleni had not occurred to any mathematician. 
Newton, however, again triumphed over opposing difficulties, and thus 
succeeded in riveting, with the bonds of demonstrative reasoning, all the 
links of his magnificent generalization. 

In redescending from the piincijile of universal gravitation, and pur¬ 
suing it into its remoter consequences, he displays even more astonishing 
force of genius than he does in the course of his inductive ascent. It 
might be sup»posed that when once the highest step of generalization was 
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attained, the functions of the natural philosopher -would cease, and the 
task of tracing the derivative truths of a principle so essentially con¬ 
versant with the abstractions of space and time as that of gravitation, 
•would devolve entirely on the mathematician. This is indeed true to a 
great extent in our own day, when, from a few differential equations, in¬ 
volving the general law of gravitation, all the phenomena of the planetary 
motions may be derived by a process of pure symbolical reasoning. But 
in Newton’s time such a method of investigation was utterly impracticable, 
for the groundwork of it could not bo said to exist. The science of me¬ 
chanics was not sufficiently advanced to admit of the immediate transla¬ 
tion of the conditions of a problem into an analytical form ; and even 
if such a step had been already possible, no further progress could have 
been made in the same direction withot.it a more powerful calculus than 
Newton was in possession of. The theory of differential equations was 
yet a mere germ, and the arithmetic of angular functions which tends 
so much to condense and simplify tlie processes of analysis, and thereby 
to increase its efficiency, was utterly unknown. It was tlierefore solely 
upon the innate resources of his genius as a pliilosopher and a inathe- 
maticiaii that Newton had to rely in pui'suing tlio conse<]uences of the 
theory of gravitation. By a profound study of tlic mode in whicli forces 
operate, aided by his admirable sa.gacity in referring plienomona to their 
true physical causes, ho was enabled to trace with, astonisliing sxccuracy 
the various consequences resulting from tlie mutual gravitation of the 
bodies of the solar system. It would l)o ilifficiilt for any mathomatioian 
of the present clay, armed with all the resources of mechanical science, to 
expound more fully and more clearly the (jeneral effects of perturbation 
tlian Newton has done in the sixty-sixtli proposition, and its corollaries, 
of the first hook of the Principia. Wlion lie proceeded to investigate the 
actual values of tliese olfects, witli the view of submitting his tlieory to 
a rigorous comparison with observation, lie found his i^ialli liesot witli 
mathematical dillicultios inOnvtidy more formidable than any be liad 
hitherto encountered, in consc<iuence of the excessive conijilication occa¬ 
sioned by the perturbing forces. Nor was live giannct.ry lie employed in 

We alhule here more cspceially (o tlic investigations comicclcd with the lip^ures of 
the heavenly liodies, tludr motions around their eontros of gravity, and the oscillations of 
the Iluids on tlieir surfaces. 

•}• Althongh tlie nso of trigonometrical formnhe In analytical processes was not: intro¬ 
duced among iTfiathcmaticians until half a ccmtnry after t!i<5 puhlication of the I’rin<dpia, 
it would perhaps be unsafe, to pronoinu'c a j)ositive opinion on tins point with respect 
to Newton himself, for his investigations show liitn to have, becni at least in complete pos- 
.session of tlio algebraic character of angvdar funetions. 'J'hus, in tracing tlic horary 
motion of the males (Prim, book iii. prop. xxx.) by means of tlic trii>lc product— 
sin T P I. sin P T N. sin S T N,—-or the moon's distaiu-e from quadratures, her dis¬ 
tance tVona the nodes, and the distance of the nodes from the sun, he. describes t he cdlect 
upon the formula of the varying magnitudes of the several angkiS with as much apparent 
ease as tlic most export analyst of the jireseut day could do. The illustrious Kulor may, 
however, bo considered as tlic real originator of tliis valuable exlension of analysis, sinei; 
it was he who first introduced it generally to the knowledge of inatliematiciaus. 'I’Ins 
be did in his memoir on the inequalities of .lupiter and Saturn, which obtained for liiin 
the prize of the Academy of Sciences of Paris for the year 174B. After d<M-iving the 
analytical expressions for the Y>erturbing forces, he then Yiroci'cds in the following terms: 

_“■ f ja j)lujiart du ealeul rouleradone sur les angU's, </iu; j'hitioihiirai fu:t>ineni<>s dtintf la 

cdlcnl^ en manpiant Icnr sinus, cosinns, tangenfes, <'o(angentes jiar les earaCterc's sin cos. 
tang, ct cot. inisi's (h'vaut les lettres qui expriment le.s angle.s. Cela abregcra tres con- 
.siderableinent Ic ealeul surtout dans les integratitms et din'erentiations.”—Kceherehes des 
Inegalitcs do Jupiter ct dc Salurne, j>. 15. 

D 2 
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these researches calculated to facilitate his labours. He loved, on all pos¬ 
sible occasions, to adhere to the synthetic method of the ancient geo¬ 
meters ; but this course entailed upon him a vast expenditure of thought, 
—for not only was it with the utmost difficulty that the ancient geometry 
could be wielded in such delicate inquiries, but as it could not furnish 
any general method of investigation, he was compelled to devise a fresh 
mode of attack for each successive problem, and thus his inventive powers 
were constantly called into severe exercise. Notwithstanding the rude 
and unmanageable character of the instruments he had to deal with, he 
applied them with amazing dexterity to the computation of some of the 
most complex effects of perturbation, such as the irregularities of the 
moon’s motion, the figure of the earth, and the precession of the equi¬ 
noxes. The difficulty of treating such subjects by the ancient geometry 
may be imagined from the fact, that no one of his successors has been 
enabled by its aid to advance a single step beyond the point at which ho 
arrived '5'; and, in order to proceed with the further developement of the 
theory of gravitation, it has been found necessary to have recourse to the 
more easy and comprehensive methods of analysis. 

Nor are the results to which he was conducted such rude approximations 
as one would he apt to suppose from the unsuitableness of synthesis for such 
intricate subjects. His researches on the lunar theoiy are especially re¬ 
markable for their ingenuity and elegance, and for the general accordance 
of the results with observation. He computed the inequality termed the 
variation, and fixed its mean value at 36' 10" f; Mayer, in his celebrated 
tables of the moon, made it 35' 47". Taplace considers the method pur¬ 
sued by Newton in investigating this inequality as forming one of the most 
remarkable portions of the Principia, and he has shewn that, by viewing it 
through the medium of analysis, it conducts to the usual differential equa¬ 
tions of the moon’s motion He computed the mean motion of the nodes 
with still greater accuracy. He obtained 19° 1.8' 1".93 for the regres¬ 
sion in a sidereal year §; the astronomical tables assigned 19^^ 31' 23". 50 
as the real value. The difference wus tlierefore less than ^-^-^th part of 
the whole motion. He obtained equally satisfactory results for the horary 
motion of the nodes, and for the variation of the inclination correspond¬ 
ing to different positions of the moon and her nodes. He also computed 
several other inequalities of a more hidden nature, but contented himself 
with merely announcing their greatest values jj. Among these were in¬ 
cluded the annual equation, which he hxed at 11' 51", assumino- the 
eccentricity of the earth’s orbit to be .016916. Mayer’s tables'^ give 
11' 14-" for the coefficient of this equation. He also assigned the values 
of the inequalities in the mean motions of the apogee and nodes, de¬ 
pending on the motion of the earth in her orbit. The inequality of the 
apogee was fixed by him at 19' 43", and that of the nodes at 9' 24". Ac¬ 
cording to the modern tables these inequalities are equal to 22' 17" and 9' 0"; 
they had entirely escaped the notice of astronomers until Newton derived 
them from his theory. It was while engaged in these profound researches, 
that the infinitesimal calculus, the brilliant discovery of his earlier years, 

^ Maclaurin’s beautiful speculations on the attraction of elliptic spheroids may be 
considered as forming the only exception to this remark. 

-f* Principia, b. iii- prop. 29. 

t Mecanique Celeste, liv. xvi. chap. ii. 

§ Principia, book iii. prop. 32. 

jj Ibid., book iii. prop. 35. Scholium. 
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came so opportunely to his aid, by enabling him to sum up the effects of 
minute forces, varying every instant in intensity and direction. It is true, 
that the infant powers of this noble calculus were yet comparatively feeble; 
but still, without its aid, the problems relating to the perturbing action 
of the heavenly bodies would have been utterly unassailable. The success 
with which Newton investigated the lunar theory is astonishiug, when the 
intricacy of the subject is considered. We may form some idea of the 
complicated character of the moon’s motion from the fact that it is only 
in our own day that all her irregularities have finally yielded to the scru¬ 
tinies of a most refined analysis *!«. 

In one remarkable instance Newton failed to derive from his theory a 
result agreeing with observation. He had shown, by a method of uncom¬ 
mon ingenuity and subtlety, that a small disturbing force of the same 
nature with that exerted by the sun upon the moon would not sensibly 
alter the elliptic form of the disturbed body’s orbit, but would, on the 
whole, cause tlie line of apsids to advance continually in the direction in 
which the body was moving "j". When be applied this result to the theory 
of the moon, by calculating the mean motion of the lunar apogee, lie 
obtained 1° 31' 2S" for the monthly progression. The value, however, 
assigned by observation, amounted to 3° 4', a (|uautity nearly double the 
result obtained by Newton. We shall have occasion in the next chapter 
to mention the origin of this discordance. 

The same commanding powers of investigation marked liis pro¬ 
gress as he penetrated into still more recondite parts of liis theory. His 
solution of the problem of the figure of the earth is a remarkable in¬ 
stance of his success in accomplishing a great result by veiy small means. 
He jierceived that the mutual gravitation of the particles, combined with 
the effect of their diurnal rotation, w'ould occasion a flattening of the eartli 
at the poles ; but tlio question was to ascertain its I'cal Ibnn, and the 
ratio between the equatorial and polar axes. Pi’oceeding upon tlie siqi- 
position that the earth was originally in a fluid state, and that its density 
was hoinogeneous, he concluded that the forces acting upon tlio ])articles 
W'ould cause it to assume the form of an oblate sp)licroi<l. Tliis solution 
of a diflicult question of hydrostatics was nothing more than a sagacious 
conjecture ; yet, strange to say, it was aftersvards coniirmod l»y a rigorous 
investigation, founded on the conditions of equilibrium of a homogeneous 
mass. In order to determine the ratio of tlie axes, lie conceived two 
columns of the fluid to extend from the centre of the earth to tlio sur¬ 
face ;—one to tlie equator, and the other to one of the poles. Since 
these two columns were in equilibrium, tliey would press eacVi otlier with 
equal intensities, and hence the ratio of their lengths would bo found by 
equating their weights. No w tlie weight of the equatorial column depends 
partly on the gravitation of the particles, and partly on their centrifugal 
force ; but as the polar column is not affected by the diurnal rotation, its 
weight will depend simply on the gravitation of the particles. Tlie i-en- 
trifugal force of a particle is very easily ascertained by means of i(s 
angular motion and its distance from the C(.uitre, but i<s gra vital ion, result¬ 
ing iVom the combined attraction of the suiTounding pa rt ieli's, can lio 


* We allude to the result of M. IIjiuscu’s recent researe.hes rel;i( i ve. (o (lie irreoidaritu's in 
the moon’s epoch. We shall endeavour to give sonic aeeouut of this important diseuvery 
in its proper phu-e. 

f Prineijiia, Imoh i. see. ix. prop. xlv. cor. IJ. 



38 


HISTOBY 03? PHYSICAL ASTEONOMY. 


determmed only by a profound mathematical investigation. Newton, by 
a method of great elegance, had previously found the gravitation of a 
particle within a spherical mass ; but the result he obtained on that occa¬ 
sion was useless in the present case, since the question now referred to a 
spheroid and n,ot a sphere. H© was thus led to consider a series of pro¬ 
blems relating to the attraction of spheroids, all of which he solved with 
great elegance by means of the ancient geometry^. Applying these results 
to the investigation in question, he then found, hy an indirect but most 
ingenious process, that the polar axis of the eai'th was to the equatorial 
axis as 2S9 to S80 f. The ellipticity of the earth is considerably greater, 
\vhence it may be inferred that the density is not homogeneous. It is 
remarkable, however, that Newton’s solution of the problem on the sup¬ 
position of homogeneity is quite correct; for when geometers subsequently 
applied to it all the resources of analysis and mechanics, they were con¬ 
ducted to exactly the same result. 

He also shewed that tbe spheroidal figure of the earth, combined 
with its diurnal motion, would cause the weights of bodies at the surface 
to vary in different latitudes; and this result of pure theory explained 
the singular fact first noticed by Pucher, the French astronomer, who 
found that a clock regulated to meau time of Paris lost daily at 

Cayenne in Africa b 

His explanation of the precession of the equinoxes is one of the 
most beautiful illustrations of his genius. Conceiving a satellite to 
revolve round the earth in the plane of the equator, he had already 
found that the effect of a disturbing body exterior to it would bo to 
cause the nodes of the satellite to regress on the orbit of the disturbiiig 
body. Imagining, then, a ring of such satellites to encompass the earth, 
the instantaneous effect produced on the ring by the disturbing body 
would manifestly be similar to that produced on any one satellite in course 
of a complete revolution. The nodes of the ring would therefore con¬ 
stantly regress on the plane of the disturbing body’s orbit, and if the 
ring actually adhered to the earth the nodes v/ould still regress, but with 
a much smaller velocity, in consequence of the enormous mass of the 
earth participating in the regression while the moving force retained the 
same value. This is precisely the real case of nature, the equatorial 
matter forming the circumambient ling, and tbe sun or moon representing 
the disturbing body. Thus, after the lapse of nearly two thousand years 
since its discovery by Hipparchus, the precession of the equinoxes was 
finally traced to its physical origin. This grand phenomenon had in all 
ages appeared utterly inexplicable to astronomers ; even Kepler, notwitli- 
standing his unrivalled aptitude in the formation of hypotheses, •was 
unable to account for it hy any physical principle. Newton’s explanation 
was so natural that it could not fail to carry with it instant conviction. 
Mr. Aiiy has -well remarked that, “ if at this time we might presume to 
select the part of the Principia which probably astonished and delighted 
and satisfied' its readers more than any other, we should fix, witliout 
hesitation, on the explanation of the precession of the equinoxes.” § 

The sagacity which Newton displayed in the discovery of the true 

* Principia, book i. prop. 91, and book iii. prop. 19. 

+ Ibid., book iii. prop. 19. 

i Ibid, book iii. prop. 20. 

§ Encyc. Metrop., art. Figure of the Earth. 
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cause of the conical motion of the earth, can 011 I 3 '' be equalled by his 
boldness in making it the subject of a mathematical investigation ; for the 
theory of the motion of a rigid body around its centre of gravity was yet 
totally undeveloped. By means of several ingenious suppositions he suc¬ 
ceeded in bringing tlie p)roblem within the reach of his geometry, and 
computed the quantity of precession due to eacli of the two disturbing 
bodies ='•=. The imperfect state of meclianical science, combined with tlie 
intricacy of the subject, happened indeed in tliis instance to betiuy him 
into a mistake ; but his solution of this great problem was on the whole 
sound, and Baplace, who has critically examined it, has not failed to point 
out its excellent merits -L 


In pursuing his way tlirougli these abstruse researches, Newton seems 
to have compensated by the innate resources of his genius for the defective 
state of his methods. The accuracy of his results, in many cases in which 
a rigorous course of investigation was impracticable, is one of the most 
inexplicable facts in tlie annals of science. His clear insight into the 
operation of physical principles and his fine discriiuinatiug judgment, 
qualities wliich contributed so elfectually to enhance tlio value of his delicate 
researches in Optics, appear to have hoon equally favourable to liim wliile 
engaged iu considering the less tangible and less faniiliur relations of Hie 
system of the world. It is this wonderful facility of seizing truth us it 
were witli a single bound, witliout pursuing tlie long avenuo of sequences 
by wbicli ordinary inquirers are candiuhed to it, wliicli has led I^elambre 
to remark that the words of Fontenelle, in relation to Cassini, miglit bo 
niucli more appropriately applied to tbo lihiglish i)lulos(:>i>ht>r — “ I .In, 
Astroiiome si subtil cst presipie ini devin ; on dirait qu’il pretend la 
gloire d’uii astrologue.” | 


It is much to bo i-cgrettcd that Newton sliould have poi’severed so 
generally in e.xpoundiug liis discoveries by tlie. syu tlie tic motliods of tlie 
ancient geoiiiel.crs, for it can hardly bo duulilod that lie was in most, oases 
conducted to them by analysis. lie proluibly feared lliat (ho iufniitcsi- 
mal calculus would not bo considered as inqiai-ting to his roscarclios that 
character of severe reasoning by which the syutliotii-mode of demon strati on 
is peculiarly distinguished. His approliension will apjioar hy no nusans 
unreasonable, when we consider that tlio anal^ylical instruniont of inves- 
tigution was tben iu its iniaucy, and tliat very few jxn-sinis were aiapiaintod 
with its true iii'inriplos. By his practice, liowover, of presenting liis re- 
searclies in a synthetie form, he deprived liiniself of tlie honour aUiuliod 
to many im|)ortai.it discoveries in ana,lysis, which his i-esnlls indicate him 
to liave been in possession of. TJio liiineus problem of t he solid of least 
resistance aifords a sticking illu 8 tra.tioii of (.his remark. In the scho- 
liuin to the M 1 tli proposition of the second book of the Iti'ineijiia,, lie gives 
tlie construction of tins solid, but docs not acconipan^^ it wit.li any dmiioii- 
stration. This is tho first of a potailiar class of jirobloins that was e\'ei- 
solved, and it is clear, from Newton’s construction, that lie must have been 


acquainted with those princijiles of the inliiiitcsiinal aiiak \sis wh irl I Junn 
tlio basis of the Calculus of Variat ions §. 


‘ Book iii. prop. 39. '1* Mec. CVl., !iv. xiv. I. 

tli.stoiro do rAstroiioinie Moderne, tome ii. p. 73 !J, ;ui.l llisfoiro an I )ix luii( ioiuo 

§ It is qni(<‘ roiuu'ivablc, when wo cton.sith t Nt*\v(oirs ixiwcrs of tluit-, if 

he had flevolcal innoli adtailion to j>rol)Itans oftliis na(ur<\ lie uiield hav(‘ Ikuhi <*<>n(hie(ed 
to the Caldilns of \'ariatious. W(‘ Jiavt^ iio reason lio\vev(*r to <*ouehi(lt\ from lus solution 
oi the f>roblcui cited iu the texh (hut he wix^ iu |)ussessiou ut thcg'cncrul method of l«^agruugc 
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This illustrious pliilosopber, wlio contributed more tlian any other mortal 
ever did towards enlarging the domain of human knowledge, appears to 
have been quite unconscious of any difference between himself and or¬ 
dinary inquirers of nature. Alluding to his discoveries in a letter to Dr. 
Bentley, he says, “ If I have done the public any service this way, it is 
due to nothing but industry and patient thought.” In fact, it was only 
by the most strenuous contention of mind, and the sternest subjection of 
the will, that even Newton was enabled to penetrate into the more recondite 
parts of the system of the world.' One of his biographers has remarked =’>' 
that, during the two years he was engaged in preparing the Principia, he 
lived only to calculate and think. Oftentimes lost in the contemplation of 
those grand objects to which it relates, he acted unconsciously, his thoughts 
appearing to take no cognizance of the ordinary concerns of life. Fre¬ 
quently, when rising in the morning, he would he arrested by some new 
conception, and would remain for hours seated on his bedside in a state of 
complete abstraction. He wuuld even have neglected to take sufffcient 
nourishment if he had not been reminded by others of the time of his 
meals. Speaking of the mode by which he arrived at his discoveries, he 
said, “ 1 keep the subject constantly before me, and wait till the first 
dawniiigs open slowly by little and little into a full and clear light.” On 
another occasion, when some of his friends were complimenting him on 
the great results he had achieved, he replied : “ I know not what the 
world will think of my labours, but to myself it seems to me that I have 
been but as a child playing on the sea-shore; now finding some pebble 
rather more polished, and now some shell rather more agreeably variegated 
than another, whil e the immense ocean of truth extended itself unexplored 
before me.” What a lesson of humility is here conveyed to those ex¬ 
plorers of nature ■who cannot congratulate themselves ou the discovery 
even of such shells and pebbles as those which adorn the cabinet of the 
Principia. 

Newton died on the 20tli March, 17SY, at the advanced age of 
eighty-five years. XJulike some of his illustrious predecessors, he con¬ 
tinued throughout his long career to receive the honours due to his 
exalted genius, and his death was deplored as a national calamity. His 
funeral obsequies wei’e performed with the ceremonies usually confined 
to persons of royal birth. His body lay in state in the Jerusalem 
Chamber, and was subsequently interred in Westminster Abbey, his pall 
having been borne by six peers. A monument was erected over his re¬ 
mains, the inscription upon which concludes with the following suitable 
w'ords: “ Sibi gratulentur mortales, tale tantumque extitisse humani 
generis deciis.”t 

for this purpose, any more tharr we should be warranted in inferring from Fermat’s theory 
of Maxima and Minima, or Barrow’s Method of Tangents, that either of these mathema¬ 
ticians had discovered the Differential Calculus. The probability is, that in this, as in many 
other instances, Newton solved the problem merely en passant, attending less to the means 
than the end to be obtained by them. 

Biot. Biographie Universelle.—See also Life of Newton, L.U.K. 
t Let mortals congratulate themselves that so great an ornament of the human race has 
existed. “ 
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CHAPTER III. 

Circumstances which impeded the early progress of the Newtonian Theory.— Its reception 

in England.—Reception on the Continent-Huygens, Leibnitz. — Researches in Ana¬ 
lysis and Mechanics.—Their influence on Physical Astronomy-Problem of Three 

Bodies.—Motion of the Lunar Apogee.—Clairaut.—Lunar Tables.—Mayer. 

Notwithstanding the multitude of sublime discoveries by wbicb the 
theory of gravitation was first announced to the world, no attcuript was 
made to develops the views of its immortal founder, during the first half 
century that elapsed after the publication of the Principia. The seductive 
speculations of Descartes had already taken a firm hold of men’s minds, 
and had been introduced as a branch of scientific study into the principal 
universities of Europe. Independently of tins circumstance, the profound 
and intricate reasoning, which Newton was compelled to adopt in the 
Principia, formed a serious impediment to the early dissemination of liis 
doctrines. As the questions considered in that immortal work \v<n-e ge¬ 
nerally of the kind which required the aid of the liigher geometry for tlieir 
complete investigation, only a very small imml)er of mathematicians were 
qualified to appreciate tlie evidence up)on whicli the conclusions of the au¬ 
thor were founded. The methods also \vluch he employed in ex])oimding 
'wore almost wholly the creation of his own genius, and it 
was^ necessary to study them with deep attention in order to become fa¬ 
miliar with their real character. Hence it is easy to understand why the 
severe doctrines of the Principia continued long to be neglected, while 
the more accommodating principles of the Cartesian tlieory met witli 
universal favour. 

The country vvliich gave birth to Newton may in some dcgrc'c ho con- 
sidei'ed an exception to tliese remarks. Tlie Princi|)ia, upon its iirs(, ap¬ 
pearance, was read with admiration hy tlio most einiiiont rnatlimnaxicians 
of the day; and the sublime truths announced in it were onthusiastically 
embraced by the more intelligent classes of tlio cojrinnmity. Tlie uni¬ 
versity of >St. Andrews, in Scotland, lias the honour of being tlie first Aca¬ 
demic Institution wliich admitted tlie Newtonian tlieory as a subject of 
study. In 1090, James Gregory, the celebrated mathematician wlio was 
then professor of philosophy in that university, pmblisliod a thesis con¬ 
taining twenty-five positions, twenty-two of wliich arc said to lia,ve formed a 
compendium of the Principia. Tlio same principles were int roduced into 
the university of Cambridge under the auspices of Dr. Samuel Clarke, 
the jiersonal friend of Newton. Whiston first expounded thcmi from tlie 
chair, in the year ItiOO. They were also taught at Oxfoi’d by Iveil, u.s 
early as the year 1704 . 

On the continent, all the great matbematicians were unanimous in 
tbeir hostility to the Newtonian tlieory. ITuygcus, althougli he gom'rally 
speaks of Newton in terms of profound admiration, was so strongly im¬ 
pressed with his own peculiar notions of gravity, tliat, li<‘ fiiiU-d to a|)prio 
ciate the force of the reasoning hy wbieh t he doctrinos of Ids coufimiporary 
were supported. lie admitted the mutual graviliition of the jilnmds and 
satellites according to the law of the inverse squaiv; of tint distamu' ; hut. 
he could not he persuaded to ('xteiid the same princijilc to the mule.rial 
molecules of which the several bodies are composetl. lie luid adojited 
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l.)osf!irto8’ notion of a voiiox, to explain tlio descent of bodies at the 
earth H surface; hut. in onici* to aecoimt for tlicir invariable tendency to 
thei ( cnt i<* <*1 tliii (‘ui til, and not to the axis, lie supposed the ethereal iiie- 
dinin conipo.sin-^f thi'vort<>x to (irculato round the earth in all directions. 
In accordance with tlu‘se viinvs, he considered the force of gravity to bo 
equally iutensi* at. all ('([ual <listances from the centre of the earth; and his 
i 11 V esiigatioii ol (he liguit! ot the lattiu" was toiindod simply on. the statical 
relation C(»nne(^ting th<; ahsolu((^ value of gravity with the centrifugal force 
gcncralctl by (he diurniil luoLion.^ Alluding hi one of his works to New¬ 
ton's rt'.si'uivhcs iN'lativi' to the tiguro of the earth, bo Saji'S that they are 
basiul np,ui a principle which nppt'ars to him inadmissible, inasmuch as it 
supjHiscs that, all tlni jiar(ich*s of mat ter at.t-ract each other; but this he 
contnutls tu Im* an uiireuiah'd assipnplit)n, wdiitdi <'annot be reconciled with 
iho c.sfahli.shoil laAvs nl' nachauiiis. On another occasion his languao-e 
though more cautious, is ileeidcdly luKstUo to the duetrines of the Eno-lmh 
philosoplnu',^ “ N (*wton, ' says he, “ h<‘li(ivcs that the space between^ tlie 
celestial hodics js void; tjr ut,^ h‘asl, that the ihiid pervading it is so rare 
as not to Hlle<^t the luoiioics el the planets ; hut, if tins were true, my ex¬ 
planation of light aial gravity wanihl lie outirely overthro-wn.” It is intc- 
lesting^tii remark lll»^ soinnl views liy which this distinguished philosopher 
was giudeil wln-n hin luiml was net wholly under the iiilluenco of his owm 
favourite notions. In courso af some allusions to the Cartesian tlaeoiy, 
he thus t>x|ti’cssi‘s his delil.crat c opinion ]-t\spccting the merits of that cele- 
hratcil licliiu). ‘^'i’hc (•iitirc sysiian (»f 1 )('.scarlos, concerning comets, 
planets, and the oiygin ef (hr. world, r(‘s(.s upon so \voa.k a, foundation, that 
I Wdtnh'r liow (ho anihur t»C i(, (oak (lie troidilo of arranging' so manj’’ ro- 
vmh's. \N'<* .sluadd hii\<' aehicvtsl a great step if \vo succeeded in foriuing 
a <’h'ar idm (d* what inally e\is(s in nature, hut wo are still v^ery far from 
having al tained tha( end." : 

Leihnit/. and dohn f»oniouilli were cupially conspicuous in their opposi¬ 
tion to the Newtonian (hcory. In KhSt) .Ijoibnitz ])ublished a physical 
dissertiUien in the I adpsh*, ai't.s, in whicdi ho explained the motions of the 
plain.hH hy nuains td’ an <‘.tho.rcal iluid, stnnowliiit aflm- the manner of Des- 
cnr(i;s, lly ihea,i<l of.srNd'ral arbitrary assumptions, lu; succeeded in shew- 
in»,( t,ht\ }»o::,iil)ility (d’uu (dliptii* motion in a, vort.icx, and heiico dodneed tlic 
la.w of the inv< j’No .s(piaro of t.he (iis(a.n<‘(.‘; hut it is I'cmarkablo tha.t, al- 
t honj.«h he \va,s iud(*lit(‘d (o Newt,on for llui suggt^stioii of this la,\v, ho inorcly 
i ueidciiial ly nanititnis the name ol the. .Mnglish p>hiloso[dior in connexion 
with it ; and ap[iea,rs to he l(Ua,llv ig'iiora,nt of the Ih’incipia, although tw’o 
y<'urs had pa.s.s(al sine.e it wa,;4 pnldished. “ 1 sec,” says he “that this law 
has been already (!e<lnced by (ho celchratcd gcumotor, Isaac Newton, as 
appear.s fi-eni no aeeonui <d' it, given in the licipsic acts, but I am uiiac- 
qiijiinled with (he mode liy which he a,rrivc<l at it,.” 

I u h'ranrr, )h<> ('ai (< ,dau phih»S( ipliy, as may naturally be supposed, was 
for a. long time, <'\en men' pt>pula.r lluiu in any other country. Cassini, 
and Maraldi, per;dslcd till i la'ir (h*a( lis in rcjocLiiig the theory of gravita- 
tiou; ami Ihrir evaniph^ wa:> gi'iicrally folhjwotl by coutouiporary astro- 
imniers. d'hi* earliest, hi.-iiorieal nu-iognition of Now'ton’s principles in 
f’nniee. is cuntnim.'d in a, memoir hy Jjouvillo, ^vhich uppoarod in tho vo- 
liiinc. of t,hc Academy of Scj(na*<.‘i> for tiai year .17,-20. The motion of a 


y* Ko.siuotlu'ores bive dc Tvnis Cclc.stiku-i curuunpic uuturu conjecturoe. Tto^ Ihigjv, 

1 (if 
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"body ill an elliptic orbit is tliere explained by means of t\S'o forces—tlie 
one a momentary impulse dii'ected along tlie tangent; the other a con¬ 
tinuous force tending towards the focus of the ellijpse. Maupertius was 
the first astronomer of France Avho undertook a critical defence of the 
theory of gravitation. In his treatise on the figures of the celestial bodies, 
which appeared in the year 1732, he compared together the theories of 
Descartes and Newton, and concluded by expressing a strong opinion in 
favour of that of the latter philosopher. The person, however, who con¬ 
tributed most to the general diffusion of the doctrines of gravitation in 
France, was unquestionably Voltaire. Iii 1738 that celebrated writer 
published a brief but very luminous exposition of Newton’s most import¬ 
ant discoveries in optics and astronomy. Being written in a popular 
style, this little w’ork soon found its w'ay into all ranks of society; and 
from the time of its first appearance we may date the triumph of New¬ 
ton’s principles over those of his once redoubtable rival. 

Although Physical Astronomy anay l)e considered as almost stationary 
during the period we have been considering, there wei'c causes in silent 
operation which contributed powerfully to its future developonient. Since 
the time of its invention, by Newton and .Leibnitz, (lie inllnitesiinal ana¬ 
lysis continued to be assiduously cultivated by (lie most eminent niatbeniati" 
cians of Europe, and was rapidly advancing to a high state of perfection. 
Without the aid of this powerful instrument of research, it would have been 
impossible to determine with precision the minute irregularities winch 
take place in the motions of tlie planets in virtue of tlieii’ mutual a(,trac¬ 
tion. Newton, in his investigations, had applied the ancient geomotry 
with almost superhuman address; hut he appeared to have utterly ex¬ 
hausted its resources, and no otlier course remained lor his successors 
than to devise other metliods of greater fertility and more easy aiiplica- 
tion. I^eibnitz:, and the two Beniouillis, by means of their lirilliiuit re¬ 
searches in the new calculus, were uiiconsciously promoting tins desirable 
end. Tliesc cininent analysts little imagimid, wliilo suocriug at Iho 
theoiy of gravitation, that thoir own labours wore destiued to become 
subservient in reconciling its most minute ciiivseqiicnccs with the', ohsci’ved 
motions of the celestial bodies, and thercljy in ])lacing it for over heYoml 
tlie reach of cavil. I'ho resear’ches in mecliaihcs, whicli engaged the at,- 
tentiou of geometers during this |)criod, also c.xcrcised a favourable iu- 
lluence in preparing men’s minds for tlio cons id ration of tlic grofit, ipaxs- 
tions relating to the system of tlie world. Tliis bi‘a.ncli of science aj)- 
peared to oiler an nnlimitcd field of original speculation, until D’Ab'in- 
bert't, in 1710, discovered a goneriil princij)le by nn'ans ol’ wliieh every 
question of mol ion was immediately reducible to a <u)rrcsj)oudi iig one of 
e(|uilibrium. Tlic statical otpialinns being easily formed, the diilicnlties 
attending all sucli roseiirchos lumcefortli a,ssunic<l a jaircly analytical clia- 
ractei’. It is not improbable tliat this importa.nt generalization laid the cf 
feet of directing the attention of geometers to pliysical astronomy, which 
now p)res6iited the most inviting field of s( luly. 

The success which attcmled Nevvton’s oil<>ii.,s toexjdaiu lla' ])li('i loiacna, of 
the system of tlie world, by the principle of universal graa ilal loa, was well 
calculated to encourage his follow<.'rs to oiigagt! in similar r<'sca,rclies. 
Not only did he give a conij>l(!te tlmory of the laolion of two bodies 
revolving mulcr the intlucmaj of their mutual at traction, Imt, with nn- 


* Bom at Parts, 1717; died in 1783. 
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rivalled sagacity, lie also traced tlie various disturbing effects produced by 
the action of a third body upon either of them, and even actually com¬ 
puted several of the more important ineq[ualities in the moon’s motion. 
JEIe did not attempt to investigate the effects of the mutual attraction of 
the planets, but he clearly perceived that the elliptic motion of each 
would in consequence be more or less deranged ; and he especially re¬ 
marked that the action of Jupiter on Saturn, when these two planets 
were in conjunction, attained such a magnitude that it could not be over¬ 
looked In one important instance Newton signally failed in recon¬ 
ciling his theory ivith observation. "We allude to his attempt to cletei*- 
mhie the motion of the lunar apogee, on which occasion he obtained a 
result equal only to half the quantity which observation assigned. This 
discoi'dance was naturally considered as offering a serious objection to the 
ISTewtonian theory; for the evection, which is the largest inequality in the 
moon’s longitude, after the elliptic inequality, depends, to a certain extent, 
on the motion of the apogee, and therefore it still remained inexplicable 
by the princixole of gravitation. 

Euler appears to have been the first geometer who attempted the 
developement of physical astronomy beyond the point at which the founder 
of it had left it. In 1745 he iiiv’estigated the perturbations of the moon, 
and in the following year he constructed new lunar tables based upon his 
researches; hut, as he employed few observations in determining the 
maximum values of the inequalities, his tables did not present a marked 
superiority over those in actual use. About the saints time Clairaut-f- and 
D’Alembert, two of the first geometers of Trance, undertook the investi¬ 
gation of the lunar perturbations without any knowledge of each other’s 
intentions. 

The Academy of Sciences of Paris having oflered their prize of IT IS, 
for an investigation of the irregularities of Jupiter and Saturn, Euler j 
composed a memoir on the subject, which he transmitted to tlic Acacleiny 
in the month of July, 1747. The two geometers above mentioned, 
naturally imagining tlxat their eminent contemporary might anticipate 
them in their researches, took the precaution of communicating the result of 
their labours to the Academy before the time appointed for the award of 
the p)rize. Clairaut lodged liis memoir in the hands of the Secretary on 
the 9th of November, 1747, and D’Alembert on the 15th of the same 
month. In all tlie three memoirs, tlie perturbing action of the celestial 
bodies was investigated by an analytical process. Clairaut mentions tliat 
he first endeavoured to calculate the lunar inequalites after the manner of 
New^ton ; but, having been soon stopped by insuperable ditliculties, lie 
decided upon having- recourse to analysis alone in all his researches. 

The subject, even when so treated, is one of astouisliing intricacy ; hut, 

* hJevvton remarked that when Jupiter and Saturn are in conjunction, the action of 
Jupiter upon Saturn is to (lie action of the sun upon the sanne planet, as I to 211 : 
“ whence,” sajs he, “ there arises, in each conjunction with Jupiter, a deraugeinont of 
Saturn’s orbit, which is so sensible, as to be the cause of embarras-sment to astrononiens. ” 
Princip. ,b. iii. prop 13. Euler, however, discovered by analysis that the corre.-ipoudini? 
derangement of Jupiter is about six times greater, although the action of Saturn u[)on 
that, planet is to the action of the sun only as 1 to 500. “ Tliis remark of Kuler’s,” says 

Laplace, “ shows us that we ought not to adopt, but with cxlrcme reserve, the most 
plausible appearances so long as they are not verified by decisive proofs.” Mec- Cel., 
tome V. p. 302. 

•f- Born at Paris, 1713 ; died, 1765. 

J Born at Basle, 1707 ; died at St. Pctersbui-g, 1783. 
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fortunately, tlie planetary system is so constituted as to favour tlie re- 
searolaes of the mathematician. The problem of a planet’s motion, when, 
considered in its most general sense, requires that we should include in 
one common investigation the attractive forces exerted upon the planet by 
the various bodies composing the solar system. The sun, however, exer¬ 
cises such a preponderating influence, on account of bis enormous mass, 
that we may regard each of the pla.iiets as revolving round him in an orbit, 
approaching very closely to an ellipse ; vdiile the other planets may be 
considered as so many perturbing bodies, producing continual irregularities 
in the elliptic motion. These perturbations being very minute, the action 
of each planet may be investigated in succession, without taking into 
account the simultaneous action of the others ; and the aggregate of the 
results so obtained, when applied to the elliptic motion, will determine the 
true j)lace of the planet in its orbit. The whole question is, therefore, 
reduced to the investigation of the motion of one body revolving round 
another, and continually disturbed hy the attraction of a third body. 
Thus originated the famous Problem of Three Bodies, which has formed 
the basis of so much profound research in physical astronom}’-. The 
rigorous solution of this problem has been found to surpass tlie powers of 
the understanding, iiotwitlistaiiding the many improvements wTiicli have 
been effected in the infinitesimal analysis ; but the same considerations, 
■which limit the investigation to the mutual attraction of three bodies, 
conduct also to other important simjilifioations. The masses of the 
planets being in fict very small, compared with the sun’s mass, and the 
eccentricities as w-ell as the inclinations of the planetary orbits being also 
very inconsiderable, a number of terms involving these elements in the 
general solution of the problem become, in consequence, so small as to 
admit of being reiected; and the geometer is thereby enabled to bring the 
subject witbiri the reach of liis analysis. Notwithstanding these obvious 
advantages, the utmost resources of a profound calculus, combined with 
the most consummate analytical skill, arc indispensably required, in order 
to effect a solution of this ditliciilt problem ; and even then the object can 
only be attained l)y a process of successive approximation. In the lunar 
tlieoiy, tlie principal disturbing body is the sun ; for the jilanets are either 
too small or too remote to exercise much infliience. It might naturally 
he supposed that the sun, on account of his enormous mass, would very 
much derange the moon’s motion ; but in reality the effect of his attractive 
power is greatly diminished by the immense distance atwlxich he is placed 
compared with the earth, which is in this case the central body. Still the 
inequalities of the moon’s motion are much more considerable than the 
perturbations which take place in the motions of the pilanets ; and, on this 
account, they were justly considered to afford the most favourable means 
of testing the theory of gravitation. We have already alluded to the 
failure which attended Newton’s attempt to determine the motion of the 
lunar apogee. Singular enough, when Olairaut and the other tvvo 
geometers above mentioned deduced the motion of the apogee from their 
respective analytical solutions of the problem of the lunar perturbations, 
they found, like Newton, that the result -was equal only to half the 
observed motion. This anomalous fact excited great surprise in the 
scientific world, and many ptevsoiis began to entertain a strong siisp)icion 
that the law of gravitation, as announced by Newton, was erroneous. 
Olairaut, despairing of being able to reconcile the ordinary law with the 
results of observation, proposed that, instead of representing the force by 



40 


HISTOBY OF PHYSICAL ASTEONOMY. 


a term depending on tlie inverse square of the distance, it should be 
expressed hj two terms, one composed of the inverse square, and the 
otlier of the inverse of the fourth power of the distance. Buffoii adduced 
metaphysical arguments against this law ; and the question continued to 
excite a deep interest among men of science. At length Clairaut dis¬ 
covered that, when the lunar perturbations were rightly computed, accord¬ 
ing to the Newtonian law, the motion of the apogee, when so computed, 
was exactly conformable to the observed motion. 

He found, in fact, by repeating the approximation and taking into 
account certain small terms which he had previously neglected, that the 
value obtained by him in the first instance was now exactly doubled. 
D’Alembert and Euler, upon a revisal of their labours, arrived at the same 
conclusion ; and thus a circumstance, wdiich at one time threatened to 
subvert the whole structure of the Newtonian theory, resulted in becoming 
one of its strongest confirmations. 

It is right, also, to mention that Thomas Simpson arrived at the correct 
motion of the apogee before he learned the successful result of Clairaut’s 
labours. This eminent analyst might have done much to sustain the 
reputation of his country in the researches of physical astronomy if he had 
lived under more auspicious circumstances. 

The method of lunar distances, which offers such advantages in finding 
the longitude at sea, rendered an accurate knowledge of the moon’s motion 
peculiarly desirable. In 1754, Clairaut and D’Alembert published lunar 
tables based upon their respective theories. Those of Clairaut obtained 
considerable credit for accuracy; but D’Alembert’s efforts were less for¬ 
tunate, chiefly in consequence of having paid too little attention to observ¬ 
ation in the evaluation of his coefficients. In 1755 Euler published his 
researches in the lunar theory, accompanied with new tables, greatly 
superior in accuracy to those of 1746. In his analysis he resolved the 
forces acting upon the moon along three rectangular co-ordinates, after the 
example of Maclauiin, who, a few years previously, had first employed 
this method in his elegant geometrical investigations connected with the 
question of the Tides. ^In 1772 he published a third set of tables, based 
upon a most elaborate analysis of the moon’s motion; but, notwithstanding 
the amount of thought expended on them, they proved inferior in point of 
accuracy to those of Mayer, chiefly in consequence of liis having placed too 
much reliance on theory in fixing the maximum values of the equations. 
Mayer, to whom allusion has been already made, was the first person who 
constructed lunar tables of sufficient accuracy for the great jDractical pur¬ 
pose of finding the longitude at sea. This he did in 1755, by moans of 
Jilulcr’s theory and a skilful discussion of observations. These tables 
wore found to come within the limit of accui’acy fixed by the Board of 
Eongitude of this country ; and a recompense of £3000 was in consequence 
awarded to the widow of klaycr, the astronomer himself having died some 
years before this deoisioii wus come to. Bradley, who was appointed to 
compare the tables with observation, states, in his report of them, that in 
no case did the error exceed ly. They were first printed in the year 
1770. 
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CHAPTER IV, 

Perturbations of the Planets.—Inequality of Long Period in the Mean Motions of Jupiter and 
Saturn. — Researches of Euler.— Perturbations of the Earth.— Clairaut.—Perturbations 

of Venus.—Lagrange_His Investigation of the Problem of Three Bodies. — Secular 

Variations of the Planets.—Laplace.—His Researches on the Theory of Jupiter and 
Satiu'n.—Invariability of the Mean Distances of the Planets.— Oscillations of the Ec¬ 
centricities and Inclinations.—Stability of the Planetary System. 

The planets, while revolving round tlie sun, continually disturb eacli other 
by their mutual attraction, and hence arise numerous inequalities in their 
motions, similar to those which take place in the motion of the moon 
round the earth. Although these disturbing forces form a class of rela¬ 
tions as complicated as the mind can perhaps imagine, the study of their 
effects is on many accounts peculiarly attractive to the thoughtful enquirer. 
The fundamental ideas are clear and well defined ; the principles are 
firmly established, the methods of research, are derivable wholly from 
the resources of the intellect, and the subject is both vast in extent and 
varied in character. The magnificent prizes which the theory of gra¬ 
vitation offers prospectively to the mathematician, as the rewards of 
his labours, are also calculated to allure his researches, while its ex¬ 
treme intricacy serves only to redouble his energies, and stimulate his 
inventive powers. Hence Physical Astronomy is characterized by a 
multitude of conceptions at once ingenious, subtle, and 2:)rofound, while its 
investigations are pursued, throughout their long and intricate windings, 
with a coherence and beauty of ratiocination unequalled in any other 
hranch of Natural Philosophy. 

Apart from those more obvious questions which impart an interest ta 
the study of Celestial Mechanics, others of the liigliest moment, witli re- 
s[)ect to the staldlity of the system of the world, are also involved in. the 
sul)ject. These questions naturally offered tliemselves to mathematicians, 
wliile engaged in researches connected with tlie actual motions of the 
planets, and continued for some time to form the subject of profound 
study. Tlieir complete solution will ever bo ranked among' the most 
brilliant triumphs recorded in the annals of science, while it has slied an 
imperishable lustre on the names of those eminent individuals by whose la¬ 
bours it lias been achieved. 

The masses of the planets being small compared with the mass of the 
central body, the derangements occasioned by their mutual attraction do 
not in any case attain a magnitude comparable to that of the lunar ine¬ 
qualities. Indeed their existence has generally been established only by 
a comparison of distant observations, conducted with all the refinements of 
practical astronomy. In many instances theory has preceded observation, 
and has pointed out inequalities which, on account of their e.xtreme mi¬ 
nuteness, might otherwise have for ever escaped detection. Tlie planets 
Jujvber and Saturn, being favourably placed in the system for tlie exer¬ 
tion of their mutual attraction, and their masses being also considerable, 
it might be expected that tlie inequalities of their motions would be more 
readily apprecialile tlian tliose of the otlior jihinets. In fact, as early as 
Iveplcr remarked tlmt the observed places of these planets could 
not be reconciled with the usually admitted values of their mean motions. 
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Tlie errors of botlr planets v^ere found to increase continually m the same 
direction, "with this difference, tliat the tables made the_ m^n motion or 
Jupiter too slow, and that of Saturn too quick. Xiemonnier found that, by 
adopting tlie mean motion of Saturn, as determined by a comparison ot 
ancient with modern observations, the planet had fallen behind its com¬ 
puted place to the extent of 3' iu 1598, in 1667, and 30^ in 171 b. 

Halley first suspected that the anomalous irregularities of the two pla¬ 
nets were due to their mutual attraction. He also attempited to deternimo 
tlie magnitude of the inequality for each planet. He concluded Ironi his 
researches that in 2000 years the acceleration of Jupiter amounted to 
S° 4=9', and the retardation of Saturn to 9° 16'. In his tables of the pla¬ 
nets he represented the errors by two secular equations increasing as^ tlie 
square of the time, the one being additive to the mean motion of Jupiter, 
and the other subtractive from the mean motion of Saturn. 

The Academy of Sciences of Paris,.desirous of obtaining an explana- 
t-ioii of these inequalities, in accordance with the theory of gi^avitation, of¬ 
fered its prize of 1748 for their complete investigation. Euler was in¬ 
duced to compose a memoir on the subject, which was crowned by the 
A-cademy; but, although his researches contain a valuable exposition of the 
analytical theory of planetary perturbation, he was unable to throw any 
light on the main object of the inquiry. He found a series of inequalities 
in the mean motions of both planets, but they were all such as completed 
the cycles of their values every time that the planets retui'iied to the 
same configurations. He concluded, therefore, that the observed irregula¬ 
rities must be attributed to some extraneous cause, and not to the mutital 
attraction of the two p)laiiets. 

Euler in this memom resolved the differential equation, relative to tlio 
latitude of the disturbed planet, into two differential equations of tbo first 
order, one of them expressing the differential of the inclination, and the 
other that of the planet’s distance from the node. This may ho coii- 
sidex-ed as the germ of the famous method of the variation of arbitrary con- 
stants- 

The theory of Jupiter and Saturn offers some difBculties of a peculiar 
hind, which did not occur in the investigation of the lunar inequalities. 
Tlie disturbing action of one body upon another may be expx'cssed by a 
series of terms involving the ratio of the mean distances of both from the 
central body. In the lunar theory this fraction is very small, on account 
of the great distance of the sun, which is the disturbing body ; henco the 
tei-ms converge with great rapidity, and an approximate value of the se¬ 
ries is readily obtained. When the question, however, refers to the mu¬ 
tual action of Jupiter aud Saturn, the same fraction rises to a coiisiclerablo 
magnitude, aud the terms of the series converge in consequence with 
such extreme slowness, as to render impracticable the usual method of 
computation. Eulei'’s genius w'as eminently conspicuous in devising tho 
nxeans of vanquishing this difficulty, which would effectually have ob¬ 
structed a mind gifted with less fertile powers of invention. 

The explanation of the motion of the lunar apogee by Olairant in 1740, 
having inspired renewed confidence in the principle of gravitation, as ade¬ 
quate to account for all tbe phenomena of the platietary motions, the 
jAcademy of Sciences was again induced to propose the theory of Jupiter and 
Saturn as the subject of their prize for 1762. Euler was on this occasion 
also the successful competitor, but he now actually discovered secular equa¬ 
tions in the mean motions of both planets, depending on the angular distance 
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^between tLe aplielia of tkeir orbits. Contrary to observation, however, lie 
found that the two eq[uations were equal in magnitude, and were in both 
cases additive to the mean motion. lie fixed the inequality at 3' 24'“' for 
the first century, counting from lYOO. Nothwithstanding the analytical 
skill which this geometer displaj^ed in his researches, he signally failed in 
his efforts to account for the irregularities of the two planets by the New¬ 
tonian theory; and their physical origin, therefore, still continued to be 
involved in profound m3’'Stery. 

The attention of geometers was now directed to the perturbations in 
the earth’s motion occasioned by the other planets. JSuler investigated 
this subject in an elaborate memoir, which was crowned by the A.cademy 
of Sciences in the year 1756. It was on this occasion that he explained 
and partially developed the theoiy of the variation of arbitrary constants. 
In considering the motion of a planet in an elliptic orbit, there are six 
constants or elements, which by their independent variations vmuld se¬ 
verally modify the motion. These aiie—1°, the major axis of the orbit, or 
the mean distance; 2° the eccentxdcity; 3°, the position of the line of 
apsides; 4®, the inclination of the orbit with respect to a fixed plane; 5®, 
the position of the line of nodes; 6®, the longitude of the planet at any 
assigned instant, or the longitude of the epoch, as it is called. Now if the 
planet were exposed only to the action of the sun these elements would 
remain invariable, and the planet would continually revolve iii the same 
ellipse. Its place, corresponding to any given time, might therefore he 
readily computed, by means of Kepler’s law of the areas, when once these 
six elements were known. As, however, it is continually disturbed in its 
motion by the action of the other planets, the theory of a constant ellipse 
will no longer be applicable to the question. Still, as its aberrations from 
an elliptic orbit are very small, its place may he computed by assuming it 
to move in a mean ellipse, and then ascertaining the minute irregularities 
occasioned by the perturbing forces. Tliis is tlie course which geometers 
had hitherto pursued in all I'esearches connected with the problem of 
three bodies, Euler, however, proposed to compute the motion wholly by 
the elliptic theoiy, upon the supposition that the planet continually re¬ 
volved in an ellipse, the elements of which varied every instant from the 
action of the other planets. By these means the whole effect of j)erturba- 
tion was thrown upon the elements of the orbit, and when these were as¬ 
certained for any given instant, it was easy to calculate the corresponding 
place of the planet by the elliptic theory alone. As this refined concep¬ 
tion has not unfrequently been ascribed to Lagrange, it may be proper to 
cite Euler’s own words in reference to it. After obtaining tbe differential 
expressions of tbe elements, he tben proceeds in the following terms to 
point out their advantages: “ These formulas appear to be peculiarly com- 
nrodious in computing the deviations of the motion from Kepler’s laws; 
since they have reference to motion in an ellipse, which varies continually, 
as well in respect to the parameter as to the eccentricity and the po¬ 
sition of the apsides. For, during an indefinitely small portion of time, 
the motion of the planet may be conceived as taking place in an ellipse, 
according to the laws of Kepler; and, if the elements of this ellipse he 
computed for any given time, by means of the formulae just found, the true 
place of the planet, relative to an assumed plane, may ho also assigned. 
This investigation of Euler’s, like the two previous ones, displays abun- 

Prix de I’Academie, tome viii. Investigatio Motuum Plauetarnm, j). 29. 
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dant proofs of the amazing fertility of his inventive powers, and his great 
command of analysis ; hut in regard to the final results obtained by him 
he was not equally fortunate- Grave errors of calculation prevented him, 
on this as well as on several other occasions, from duly appreciating the 
importance of his own methods. 

Olairaut, about the same time, investigated the Earth’s perturbations in 
a memoir distinguished by great perspicuity and skill By a comparison 
of his theory with the observations of Lacaille, he fixed the lunar equation 
at 8'"'.7, This result gives for the moon’s mass of the earth’s, a 
quantity which differs considerably from the value assigned to it by 
Newton. In order to compute the actual perturbations occasioned by the 
other planets, it was necessary to possess a knowledge of their masses. 
Itle skilfully determined the mass of Venus by means of observations 
made on the sun when the moon was in that part of her orbit wherein she 
produced no effect on the earth’s motion. The mass of Jupiter, the only 
other planet that he conceived would occasion a sensible derangement of 
the Earth, was easily derivable from the elongations of his satellites, and 
had already been determined by Newton. Combining together the pertui'- 
bations of Jupiter, Venus, and the Moon, he found that when they con¬ 
spired in the same direction the error of the Earth in longitude might rise 
to 1'. 

D’Alembert also investigated the subject of the planetary perturbations 
in the year 17541; hut his researches did not add anything new to the 
subject. Lalande applied Olairaut’s theory to the perturbations of Mars, 
by Jupiter and the Earth, and found that the derangement might rise 
to Mayer, about the same time, arrived at a similar conclusion by 

means of Euler’s theory. Ealande also computed the perturbations of 
Venus, and obtained 15" for the maximum value ; a result which was 
confirmed by similar researches of Eather Walmsley in England. 

Meanwhile another geometer, gifted with powers of the highest order, 
was about to commence his brilliant career. In the volume of the Turin 
Memoirs for 1763, Lagrange I gave a new solution of the Problem of Three 
Bodies, which he applied to the theory of Jupiter and Saturn. He ob¬ 
tained for Saturn a secular equation equal to 14".J^21, and subtractive 
from the mean motion; and for Jupiter a similar equation equal to S"-740, 
and additive to the mean motion. This result agreed better with observa¬ 
tion than that of Euler, who made the equations both additive and equal 
in magnitude; but it by no means assigned a complete explanation of the 
irregularities in the mean motions of the two bodies. 

Attention was now directed to the secular inequalities of the pla¬ 
nets. A comparison of distant observations had shown that the ellix^tio 
elements of each planet were subject to a slow variation, which proceeded 
continually in the same direction, and apparently to an indefinite extent. 
These variations have been denominated secular because they require an 
immense number of ages for their complete developement; while, on the 
other hand, those that are termed periodic complete the cycles of their 
values with all similar configurations of the planets. It is obvious that 
this shifting of the elements, however slow, would ultimately render 
riseless the tables of the planets, constructed for any given epoch, unless 
due account were constantly taken of the altered value of each element. 

* Mem. Acad, des Sciences, 1754. 

+ Recherches sur differens points du Systeme du Monde, tome 1 and 2. 

t Born in 1736 at Turin ; died at Paris in 1813. 
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It is indispensable then to investigate these variations, and to compute 
their numerical values, ■with the view of applying them as corrections to 
the fundamental elements of the tables. But, apart from all consider¬ 
ations connected with the requirements of practical astronomy, the study 
of the secular variations is pregnant with the deepest interest to the 
physical inquirer ; for it is manifest that their indefinite continuance in 
the same direction would result in the complete destruction of the sta¬ 
bility of the planetary system. 

The illustrious Euler led the way in these sublime researches. In his 
memoirs of 1748 and 1753, he determined the secular variations of the 
elements of Jupiter and Saturn; but he was prevented by the intricate 
nature of the subject, and the immense calculations which it entailed upon 
him, from arriving at very accurate conclusions. He found that the 
aphelia of both planets had a progressive motion, as in the case of the 
lunar apogee. JBLe fixed the annual progression of Jupiter’s aphelion at 
9''^. 5, and that of Saturn’s at 13''^ 

But the most important element was the mean motion. We have 
already mentioned that Euler found a seculai' inequality in that element, 
equal and additive for both planets, and that Eagi-ange was conducted to a 
result which accorded better with the observed irregularities, but still was 
inadequate to their complete explanation. It was at this stage of the 
planetary researches that Baplace'*s for the first time, appeared as the rival 
of Eagrange. Struck with the discordant conclusions to which geometers 
had been conducted, lie resolved to institute a searching investigation into 
the subject. Euler and Eagrange had neglected all terms which exceeded 
the second powers of tlie eccentricities and inclinations ; Eaplace, 
besides carefully repeating the calculations of these geometers, carried 
his approximation to the terms of the third order. When he 
came to apply his formula to the mean motion of Baturn, ho was sur¬ 
prised to find that all the terms afiecting that element destroyed each 
other. lie obtained a similar result, when, by nioaiis of tlie same for¬ 
mula, be computed the effect of .Saturn’s disturtiing action upon tlio moan 
motion of Jupiter. Justly suspecting that tlicse results had no connexion 
with the particular values of the elements of .lujiiter and Saturn, he inves¬ 
tigated the sulject l>y a general analysis, apiilicalde to any two planets 
of the system, and he now' again found that the sum of the terms affecting 
the mean motion w'as identically equal to aiero. He remarked, that if any 
such terms were contained among tliose involviug the fourth or higher 
powers of the eccenti'icities and inclinations, they would be so small that 
their effects w’ould not become sensible until an imraense number of ages 
had elapsed. He therefore arrived at the important conclusion that, 
from the time of the earliest astronomical observations which history 
records down to the existing epoch, the mean motions of the xslanets has 
not been sensibly altered by their mutual attraction, and hence he inferred 
that the irregularities of Jux)iter and Saturn must be attributed to some 
disturbing cause independent of that x^rineix")!© !■- 

Although the result to which Eaplace was conducted by his researches 
was decisive in so far as the question relative to the irregularities of 
Jux>iter and Saturn was concerned, it still ronnained uncertain wliether an 
inequality of this kind might not exist among tlie terms involving the 
higher powers of tlie eccentricities and inclinations. Such an inequality, 

* Born in 1749, at Beaumont, in Lower Normandy ; died at Paris in 1827. 

+ Mem. des Savans litrangers, tome vii. 
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liowever minute, ^vould ^iltimately become considerable hy continual accu¬ 
mulation, and might affect the mean motions and the mean distances of the 
planets to so great an extent as to occasion the total derangement of the 
j)lanetary system. In 1776 Xiagrange investigated this important ques¬ 
tion on the supposition that the planets move in ellipses ; the elements 
of which continually vary in consequence of their mutual perturbations. 
The conclusion at which he arrived is one of a very remarkable character. 
He discovered, by a very simple analysis, that the mean distances are 
not subject to any secular variations whatever ; but are merely affected 
by a series of inequalities, which compensate themselves in short periods 
depending on the mutual configurations of the different planets. Thus, 
amid all the changes that are incessantly taldng place in the other 
elements of the celestial orbits, the conservation of the mean distances 
stands out in striking contrast to this law of mutation. The eccentricities 
and inclinations will perpetually vary in magnitude ; the apsides and nodes 
will similarly vary in position ; but, throughout an indefinite lapse of 
ages, the mean motions of the planets will remain unaltered hy their 
mutual attraction. This result off’ers to our contemplation a sublime 
example of the order which reigns among the vast bodies of the universe, 
and^ of the unerring character of the laws hy which they are controlled in 
their courses. When viewed in relation to its effects upon the invariability 
of the solar year, and the stability of the planetary system., it is justly 
regarded as one of the most valuable truths in the whole range of physical 
science. 

Xiagrange and Xaplace were now zealously engaged in investigating 
generally the secular variations of the planets. A knowledge of the 
variations of all the elements is indispensable for the purposes of prac¬ 
tical astronomy ; but, in so far as the stability of the system is concerned, 
it is manifest that the variations of the apsides and nodes cannot produce any 
effect. In the researches of physical astronomy the eccentricities and the 
apsides are generally considered together by a common analysis, and the 
same remark holds good in regard to the nodes and inclinations. In 
1T74 Lagrange investigated the secular variations of the nodes and 
inclinations of the planets in an elaborate memoir, which appeared in the 
volume of the Academy of Sciences for the same year. Having obtained 
tbe differential expressions of these elements, he computed their annual 
variations by assuming each element to vary at a uniform rate during a 
limited number of years. This supposition is rendei’ed allowable by the 
excessive slowness \vith which the elements vary, and the method of 
computation founded on it is sufficient for all purposes connected with the 
actual state of astronomy. But in order to ascertain the real nature of 
these variations, so as to be enabled to predict the condition of the ele¬ 
ments throughout an indefinite number of ages, it is absolutely necessary 
to integrate the difiereiitial equations relative to them. These appeared at 
first to offer insuperable difficulties ; but Lagrange, by a happy transform¬ 
ation of the variables, reduced them to linear differential equations of the 
first order; whence,^ by integiutioii, he obtained finite expressions for both 
elements._ Examining, then, the mutual action of two planets, he found 
that the inclinations would perpetually oscillate about mean values from 
which they would deviate only by very small quantities. Applying this 
principle to the planets Jupiter and Saturn, which he considered as form- 


« Mem. Acad, des Sciences de JBerlin, 1776. 
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ing witli the sun a sjstem apart in the heavens, he found that the 
greatest inclination of Jupiter’s orhit to the ecliptic would be IS"", 

and his least 1° 17' 15^''; and that the greatest inclination of Saturn’s 
orbit would be 3° 3S' 41" and his least 46' 49". Thus the whole varia¬ 
tion of Jupiter’s inclination amounted to 45' 3", and that of Saturn’s to 
lo 45'' 51". When the number of planets whose mutual action is con¬ 
sidered exceeds two, the q[uestion offers greater difficulties ; and Lagrange, 
in consequence, did not at this period of his researches attempt to inquire 
whether the inclinations of the four planets nearest the sun oscillated 
round mean values, like those of Jupiter and Saturn, or whether they 
increased continually in the same direction, attaining in succession all 
degrees of magnitude with respect to a fixed plane. 

From the analytical expressions of the inclinations, he derived an 
elegant method of determining geometrically the positions of the orbits at 
the end of any given time, and of representing their several motions 
relatively to each other, 

Laplace successfully applied Lagrange’s method of integration to his 
own differential expressions of the nodes and inclinations. H.e also ex¬ 
tended the same metliod to the equations of the eccentricities and the 
aphelia, and obtained finite expressions for tho.se elements similar in form 
to those which Lagrange had already found for the nodes and inclina¬ 
tions’^'. 

The method of successive approximation which Clairaut and Ms con¬ 
temporaries employed in the problem of the Perturbations was attended 
with the inconvenience of introducing into the expression of the radius 
vector a series of terms depending on arcs of circles which increased 
continually with the time. Such terms, it is clear, would have the effect 
of causing the planet’s distance from the central body to increase to an 
indefinite extent ; but, as this conclusion was at variance with observation, 
it nece.ssaiily followed that the method of approximation was defective. 
The same inconvenience, indeed, is found to arise when the method 
is employed in less complicated researches than those relating to the 
planetary perturbations ; and wherein it is demonstralile that the rigorous 
integrals do not contain any terms susceptible of indoliuite increase f. 
When this difficulty first presented itself to tlie geometers engaged with 
the lunar theory, they very soon discovered tliat it arose from the motion 
of the apogee, and they found the means of getting rid of tlie embarrassing 
terms hy assuming the motion of that element in tlio outset; and after¬ 
wards computing its value by the method of indcterniinate coollieients. 

In the theory of the planets, the inconvenience of such terms is simi¬ 
larly found to arise from the motion of the aphelia ; but tlie mode of 
obviating it is iniicli more dilEcult in this case, on account of the irregu¬ 
larity of the motion, and the anutual dependence of the aphelia of both 
planets- Lagrange vanquished this difficulty by the invention of a new 
method of integration, which he first employed in an investigation of the 
motions of Jupiter’s satellites h In an elaborate memoir whicli Laplace 
conununicated a few years afterwards to the Academy, he shewed tliat the 

* M«m. Acad, dos Sciences, 1772, parti. Tins memoir wa.s not written until 1770, 
although it was inserted in the volume of the Academy for 1772. 

Lagrange has given an example of this kind in a memoir which appears in the volume 
of the Berlin Academy for 1783. 

J The memoir which contained tlii.s investigation was crowned by tlie Academy of 
Sciences in the ytiiir 1766. See Prix de 1’Academic, tome ix. 
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ordinary metliod of integration might be freed from the inconvenience 
of circular arcs by means of the variation of the arbitrary constants in the 
approximate integrals Proceeding upon this supposition, he obtained 
very simple differential expressions of the secular variations ; and by 
transforming them into linear equations, after the naanner of Ijagrange, he 
was enabled to integrate them without any difficulty. He then considered 
the mutual action of two planets, and arrived at the same conclusion rela¬ 
tive to their eccentricities, as that to which Xiagrange had been conducted 
relative to their inclinations. In other words, he established the im¬ 
portant fact that the eccentricities of the two planets would not increase to 
an indefinite extent in virtue of their mutual attraction, hut would be 
confined within certain fixed limits between which they would perpetually 
oscillate- Applying* his formula to the theory of Jux:)iter and Saturn, he 
found that the eccentricity of Jupiter’s orbit would vary between 0.061776 
and O.OS4O06, and that of Saturn’s between 0.083094 and 0.011478. The 
period of these variations he found to be the same for both planets, and 
equal to about 35,000 ye ars. 

In 1785i Lagrange investigated the pDerturbatioiis of the planets by a 
method which embraced both the secular and periodic inequalities in one 
common analysis -i. This method consists in supposing all the derange¬ 
ments of each planet to be occasioned by a continual variation of the elliptic 
elements. ^W"e have seen that Euler originally employed this refined 
method of investigation, which offers peculiar advantages in computing the 
effects of perturbing forces of small value. Lagrange having obtained the 
differential expressions of tlie elements, decomposed them into two parts, 
one depending on the configuration of the planets, the other on the masses 
and the elements themselves. The former class of terms gave him the 
periodic variations ; the latter gave him the secular. Applying himself 
first to the secular variations, he considered the mutual action of Jupiter 
and Saturn, and obtained results similar to those which Laplace and liiin- 
self had already derived from their researches. He next considered the 
system, formed by Mars, the Earth, Venus, and Mercury, taking into account 
the action of J npiter and Saturn upon each of those bodies. We have remarked 
on a previous occasion that this case is much more difficult than that in 
which only two planets are concerned. The genius of Lagrange, however, 
was triumphant in these researches, and he succeeded in demoiistmting, as 
in the case of the larger planets, that the eccentricities and inclinations 
would, always be confined within very narrow limits. He found that the 
ecliptic would not he displaced to a greater extent than 5° 93' by the 
action of the planets npon the earth, and that all the planetary orbits would 
be perpetually comprised within a zone of the heavens whose breadth was 
7° 5S^ He therefore announced, as the final result of liis I'esearclies, 
that the secular variations of the elements were in all cases such as would 
for ever assure the stability of the planetary system. 

The same illustrious geometer extended his researches to the periodic 
inequalities, which he investigated in two elaborate memoirs communicated 

* Sciences, 1772, part ii. Laplace had triven a brief outline of this 

Tnci^thod in a. note at tine end of the preceding volume. He continued, to improve it 
in two successive memoirs, which appeared in the volumes of the Academy for 1777 and 
last memoir the method assuaied the same forna as in the MiScaxiique 
Celeste. Lagrange h^ very much simplified this mode of obtaining the secular varia- 
^ memoir which appears in the volume of the Berlin Acadenay for the year 

t Mem. Acad. Berlin, 1781, 82, 83.^ 
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by Mm to the Academy of Sciences of Berlin He derived the ana¬ 
lytical expressions of these ineq[nalities from the periodic variations of 
the elements, and then computed their numerical values for each planet. 

The interesting results obtained by Jjagrange relative to the stability of 
the system were founded upon a knowledge of the masses of the several 
planets. The computation of the masses of those planets that are accom¬ 
panied by satellites is not a difficult problem, hut it is quite different when 
the question refers to the other planets of the system. Theoretically 
speaking, the masses of all the planets may he ascertained by observing 
the effects of their mutual perturbations, but these effects are generally so 
very minute that they are almost entirely lost in the errors of observation. 
Xtagrange determined the masses of the planets that have no satellites by 
combining their volumes with their densities, assuming the latter to vary 
in the inverse ratio of the planet’s distance from the sun. This principle, 
although naturally suggested by the relative densities of the Earth, Jupiter, 
and Saturn, was, notwithstanding, gratuitously assumed, and therefore the 
consequences derived from it could not be altogether free of uncertainty. 
Xagrange, indeed, shewed the improbability of any minute alteration in 
the values of the masses affecting essentially the conclusions at which he 
arrived ; but still it was desirable that such valuable truths should be 
established by aii analysis divested of all considerations of a hyj3othetic 
character. This important step was made by Laplace f. In 1784 he 
demonstrated that, no matter what might be the relative masses of the 
planets, the eccentricities and inclinations if once inconsiderable would 
always continue so, provided the planets were subj ect to this one condition— 
that they cull revolved round the sun in the same direction. This remarkable 
truth is embodied in two elegant theorems, which the great geometer just 
mentioned was the first to announce to the world. The theorem relative 
to the oscillations iu the form of the orbits may be thus stated : If the 
mass of each planet he multiplied hi/ the square of the eccentricity, a7id, this 
product by the square root of the mean distance, the sain of these 
quantities ivill always 7-etain the same magnitude. ISfow wlien tins sum 
is determined for any given epoch, it is found to be small ; by the 
preceding theorem, then, it will always contiuue so; it follows, tliere- 
Ibre, a fortiori, that each quantity will continue small, and, consequently, 
the eccentricity cannot in any case becorii© considerable. The theorem 
relative to the positions of the orbits is equally elegant. It .may be expressed 
in the following terms : //’ the mass of each pla.net he ‘inultipdied by the 
square of the tangent of the orbit's inclination to a fixed ■plane, mid this 
product hy the square root of the 7nean distance, the sum of such qiimitities 
•ivilL continue ''invariahle. Considerations similar to those we employed in 
tlie previous instance enable us to conclude from this theorem that the 
orbits of the planets will suffer only a very inconsiderable displacement 
from their mutual attraction ;j:. 


* MtSoi. Acad. Bei’lin, 1783-4. 

f Mern. Acad, des Sciences, 1784. This memoir of Laplace’s i.'a rcniiiikable for con- 
talnijig the first announcement of three of the most important di.seovt!rit!.s in Physicial 
Astronomy. These were—Ist, the explanation of the long iii(M|iiality of Jupiter and Saturn ; 
iivici, the invcstig’ation of the origin of the curious relations vvliicli couneet the epochs anti 
mean motions of the three interior satellites of Jupiter ; 3rd, the results raentioned in 
the text. 

The 'value of Laplace’s rcscarcites on the present occasion^ dotis not rest merely on the 
discovery of the two theorems announced in tiic (ext. 4'ho fact is, that the invostigatioii 
of the ultimate condition of thcceccnti'icitics and the iucliiiutious depends iu each case on 
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Tlie la-ws whicTi tlius regulate tlie eccentricities and inclinations of the 
jDlanetary orbits, combined with the invariability of the mean distances, 
secure the permanence of the solar system throughout an. indefinite lapse 
of ages, and offer to us an impressive indication of the Supreme Intelli¬ 
gence which presides over nature, and perpetuates her beneficent arrange¬ 
ments. When contemplated merely as speculative truths, they are un¬ 
questionably the most important which the transcendental analysis has 
disclosed to the researches of the geometer, and their complete establish¬ 
ment would suffice to immortalize the names of hagrange and Xjaplace, even 
although these great geniuses possessed no other claims to the recollection 
of posterity. 

It cannot fail to have occurred to the reader that in these sublime re¬ 
searches the two mighty rivals pressed forward always at an equal pace, 
insomuch that it would he hardly possible for the most discerning judg¬ 
ment to assign the palm of superiority to either of them. Their investi¬ 
gations of the secular variations were in both cases equally original, and 
equally entitled to admiration- haplace’s method might he more simple ,* 
Lagrange’s was more luminous, and had the advantage of being direct. In 
his researches connected with the mean motion, Laplace displayed a 
practical sagacity which rarely characterized the speculations of Euler or 
Lagrange, and, perhaps, this quality was more valuable to him throughout 
his career than an unexampled command of analysis was to his great 
rival. In the integration of the differential equations relative to the 
secular valuations of the planets, the genius of Lagrange was eminently 
conspicuous. Laplace admits that he was compelled to abandon the 
design of integrating his own equations on account of the difficulties they 
offered, and was only induced to resume the subject on becoming acquainted 
with the ingenious method devised for that purpose by his illustrious 
contemporary 

tho resolution of an algebraic equation, equalin degree to the number of planets whoso mutual 
action is considered, and involving their masses in indeterminate forms. Lagrange shewed 
that if any of the roots of this equation should be equal or imaginary, the corresponding 
elennent (whether the eccentricity or the inclination^ would increase to an indefinite ex¬ 
tent, but if the roots should be all real and unequal, the same elements would perpetually 
oscillate between fixed limits. Having ascertained the masses of the planets by the 
methods mentioned in the text, he substituted them in each equation, and then, by the method 
of successive approximation, he obtained the values of the several roots. These he found 
to be all real and unequal, whether the equation referred to the eccentricities or the incli¬ 
nations, whence he concluded that these elements would perpetually oscillate. The 
peculiar merit of Laplace’s researches consisted in shewing that the roots were all real 
and unequal, wuthout liaving recourse to the actual solution of the equations, and, conse¬ 
quently, without the necessity of employing any determinate values of the masses. 

■H-- jTe 3nn’etais propos4 depuis long temps de les integrer mais le peu d’utilit6 de ce calcul 
pour les besoins de I’Astronomie joints aux ditficultes qu’il presenfait m’avait fait abandonner 
cette idee et j’ayoue que je ne Taurais pas reprise sans la lecture d’un excellent m6moire, 
sur les inegalites secular res du mouvement des noeuds et de I’inclinaison des orbites des 
Planetes que M. De Lag^range vient d’envoyera I’Academie.” M^m. Acad, des Sciences, 
Ann6e 1772, pari i, p, 371. 
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CHAPTER V. 


Irregularities of Jupiter and Saturn_Researches of Lambert.— Lagrange-Circum¬ 

stances which determine the Secular Inequalities in the Mean Longitude.— Laplace’s 
Investigation of the Theory of Jupiter and Saturn.—His Discovery of the physical cause 
of the Long Inequality in their Mean Motions.—Acceleration of the Moon’s Mean 
Motion. — Halley.—Dunthorne.—Failure of Euler and Lagrange to account for the 
Phenomenon. — Its explanation by Laplace. — Secular Inequalities in the Moon’s Pe¬ 
rigee and Nodes.—Inequalities depending o.n the Spheriodal Figure of the Earth.— 
Parallactic Inequality. 

Ar.THOUG-H the princij)le of gravitation was shewn to be admirably cal¬ 
culated for maintaining the stability of the solar system, the strange irre¬ 
gularities in the mean motions of Jupiter and Saturn still continued to 
perplex astronomers, and in some degree to tarnish the lustre of the 
Newtonian theory. In 1773 Lambert jmblished an interesting essay on 
this subject, in which he attempted to represent the ineq[ualities of the 
planets by means of empiric equations. The researches of this astro¬ 
nomer contributed to throw some light upon the real character of the 
phenomenon. It had been hitherto supposed that the mean motion of 
Jupiter was continually accelerated, and that of Saturn similarly retarded. 
These results were derived from a comparison of the observations cited 
by Ptolemy in the Sjoitaxis, and those of the earlier astronomers of Eu¬ 
rope, with the observations of modem times. Lambert, however, found, 
on comparing the observations of Hevelius with those of the following 
century, that the mean motion of Jupiter was retarded, while that of 
Saturn was accelerated- This important fact indicated that the inequa¬ 
lities did not increase hidefinitely in the same direction, but were merely 
periodic, like those depending on the contigurations of the pdaiicts. The 
reseai'clies of Lagrange, in 1770, tended to strengtlicn tins conclusion ; 
but it is important to remark, that the result he obtained relative to the 
invai’iability of the mean distance does not neceasaril\f exclude the exist¬ 
ence of secular inequalities in the mean motion. *Wlien, indeed, we con¬ 
sider a single planet revolving round the sun in an undisturbed orbit, the 
mean motion will depend solely on the mean distance, and will not in any 
manner be affected by the elements which prescribe the form, and 
sition of the orbit. Thus we may make the eccentricity and tlio other 
elements vary in any manner we please, but so long as tlie mean distance 
retains the same magnitude the mean motion will continue unaltei'uble. 
The relation which connects these two elements forms tlie third of Kepler’s 
famous laws, and when one of them is known the other is I’eadily de- 
dncible from it by means of that relation. But the case will be quite 
different when we suppose the planet to be perpetually disturbed in its 
orbit by the action of another planet. The two elements will no longer 
be connected together by Kepler’s law, for the perturbing forces will now 
introduce into the expression of the mean motion a class of terms depend¬ 
ing upon the eccentricities and the other elements of Ijotli pianots. These 
elements, in virtue of their secular variations, might pi*oduco an efrect on 
the planet’s longitude which w'ould ultimately become sensible, and lieucca 
might ai'ise a secular inequality in the mean motion, notwitlistandiug the 
invariability of the mean distance. It became, tliereforo, an object of 
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the liighest importance to ascertain whether the mean motions of the 
planets were afifected in this manner, and if so, to determine, in the case 
of Jupiter and Saturn, whether the effects were of such a magnitude as 
to account for the observed irregularities of the two planets. 

^ In 1788 lagrange investigated this interesting question. He had l>re- 
viously found that if all the terms exceeding the first powers of the ec¬ 
centricities and inclinations were neglected, the perturbing forces would 
not in any manner whatever affect the mean motion. On the present 
occasion he extended his inquiries to the terms involving the squares of 
the eccentricities, and he now actually discovered among them a secular 
equation affecting the mean motion. Ap^olyiiig his formula to the theory 
of Jupiter and Saturn, he found that the equation was utterly insensible 
in both planets ; for in neither case did it exceed the thousandth part of 
a second, even when it reached its maximum value “ This result,” says 
Iiagrange, “ will allow us to dispense with a similar examination of the 
secular inequalities in the mean, motions of the other planets, as we ori¬ 
ginally proposed to do, for it is easy to predict that the values of the 
equations will be even less than, those we have just found. We may, then, 
henceforth consider it as a truth rigorously demonstrated, that the mutual 
attraction of the principal planets cannot produce any sensible alteration 
in their mean motions. ”f 

This result is one of the most interesting in physical astronomy, and 
we have seen that the merit of establishing it is almost wholly due to 
Lagrange. At this stage of the planetary researches it had the effect of 
narroAving the question relative to the irregularities of Jupiter and Saturn; 
for it shewed that if these irregularities resulted from the mutual action 
of the two planets, their* explanation must be sought for among the j^e- 
riodiG terms, and not among those depending on the secular variations of 
the elements. It is clear, then, that, apart from its intrinsic value, this 
result must be considered as forming a most important step in the 
dev elopement of the theory of gravitation. 

It appears from Lagrange’s words, as quoted above, that he did not 
consider Mmself warranted in concluding from his researches that the 
mean motions of the secondary planets might not he affected with seculai' 
inequalities of sensible magnitudes. Unfortunately for his fame, it did 
not occur to him to apply liis formulae to the moon, although the secular 
inequality which astronomers had actually detected in the mean motion of 
that satellite might have suggested such a step to a mind of much less 
sagacity than his. By this inadvertence he missed one of the noblest 
discoveries in physical astronomy, and it happened to him, as on several 
other occasions, that, while he allowed his brilliant researches to remain 
comparatively fruitless in liis hands, he had the mortification of seeing 
the pri^e carried off hy his more persevering and ambitious rival. 

Geometers being now assured that the mutual attraction of Jupiter and 
Saturn could not produce an inequality of a secular character in their 

^ ^ The mean longitude of a planet depends upon two elements: —1st, the mean mo¬ 
tion ; 2nd, the mean longitude corresponding to any given epoch, or, more simply, the 
longitiade of the epoch. As the mean motion is supposed to be derivable from the mean 
distance by Kepler’s law, it cannot affect the mean longitude with a secular ineq[uality, in 
consequence of the invariability of the element upon which it depends- KCence, in the 
tneoTy of the variation of arbiyary constants, the secular inequality in the planet’s motion 
IS ascribed solely to the variation of the longitude of the epoch, the constant forming tho 
sixth element of elliptic motion. 

t M^tn, Acad. Berlin, 1783, p. 223. 
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mean motions, it only remained foi* tliem to inquire wlietlier tlie anoma¬ 
lous irregularities of the two planets might not be explicable hy some 
periodic inequality of long duration. This was the form which the ques¬ 
tion assumed when Taplace applied the energies of his powerful mind to 
a rigorous examination of all the circumstances calculated to affect it. 
He first proceeded to inquire whether the inequalities were connected 
together by relations similar to those which would ensue on the suppo¬ 
sition that they were produced hy the mutual action of the two planets. 
By a -very simple analysis he found that the mean motioix of Jupiter 
would he accelerated, while that of Saturn was retarded, and vice versa. 
He also discovered that, if we only regard inequalities the periods of which 
are very long, the corresponding derangements of the two planets would 
always be to each other as the products formed by multiplying the mass 
of each planet into the square root of its mean distance. He hence 
easily concluded that the derangement of Jupiter at any time would be 
to the siinultaneons derangement of Saturn very nearly as 3 to 7. Now, 
by assuming, according to Halley, that the retardation of Saturn in 
SOOO years amounted to 9“ 16% this relation gave him 3“ 68' for the cor¬ 
responding acceleration of Jupiter, a quantity which differs only by O' 
from the result obtained by Halley. 

Being thus furnished with a strong indication that the irregularities of 
the two planets were due to their mutual attraction, he entered upon a 
searching inquiry into their real source. This he finally discovered in 
the near commensurahility of the mean motions of the two planets. Five 
times the mean motion of Saturn is very nearly equal to twice the mean 
motion of Jupiter. In fact, if ii, oi'" represent the mean mbtions of the 
two planets, 6n —!2u' is equal only to about ^^ th of the mean motion of 
Jupiter. Now, Xaplace found that certain terms, involving this quantity 
in the differential equations of the longitude, would receive, by doithle 
integration, the square of the same quantity as divisors, a,nd in conse¬ 
quence would rise very much in value. Terms of tins class are, indeed, 
generally very ininute, heing only of tho oi'der of tlie cubes of the eccen* 
ti'icities and inclinations ; but Jjaplace, with characteristic sagacity, sus¬ 
pected that the small divisors they acquired might render tliem. sensible, 
and that tliey might possibly explain tho irregularities of the two planets. 
The result of actual calculation entirely confirined his siiapicion. He 
found that the terms assigned to Saturn an inequality equal to 48' 44", 
and to Jupiter a contrary inequality equal to 20' 49". Tlie periods of the 
two inequalities were equal, and amounted to 929 yeijirs. They reached 
their maxinnun values in the year 1560. Tho apparent mean motions of 
the two planets henceforth continually approximated towards their true 
mean motions, and finally coincided with them in the year 1790. This is 
the reason why Halley, on comparing ancient with modern observations, 
found tho mean motion of Jupiter to he quicker, and that of Saturn 
slower, while Lambert, on tho other hand, from a comparison of modern 
observations with each other, arrived at a diametrically opposite conclu¬ 
sion. 

XiUplace found that his equations accounted in a most satisfactory 
manner for the irregularities of the two planets. Among forty-three oppo¬ 
sitions of Saturn which be compared with tlieory, tho en’or in no ease 
e-\ceeded 2% and generally it fell very far short of that quantity. At a sub¬ 
sequent period of his researches lie diiiiiuisliod tho errors of botli planets 
to 12", although only a small aiumber of years before the errors in the 
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best tables of Saturn exceeded 20' By tbis capital discovery Laplace 
banislied empiricism from the tables of Jupiter and Saturn, and extricated 
the Newtonian theory from one of its gravest perils. “ The irregularities 
of the two planets,” says that illustrious geometer, “ appeared formerly to 
he inexplicable by the law of universal gravitation—they now form one of 
its most striking xDroofs. Such has been the fate of this brilliant disco¬ 
very, that each difficulty which has arisen has become for it a new subject 
of triumph, a circumstance which is the surest characteristic of the true 
system of nature-’’■j* 

We shall now give a brief account of the circumstances connected with 
a remarkable inequality in the moon’s motion, which continued to form 
the subject of toilsome research until its true physical cause was at length 
discovered. Lrom an extensive comparison of ancient with modern ob¬ 
servations, it was established beyond doubt by the astronomers of the last 
centmy, that the mean motion of the moon has been becoming continually 
more rapid ever since the epoch of the earliest recorded observations. 
Halley was the first person who suspected this important fact. We may 
remark that, if the moon’s mean motion be more rapid now than it was 
in ancient times, the place of that satellite, when computed for any re¬ 
mote epoch by means of the modern tables, will be less advanced than 
her actual place, and hence the time of an eclipse, when calculated in 
this manner, will appear to happen earlier than the recorded time. It is 
also obvious that, if we make a similar computation for any intermediate 
epoch, the moon in this case too will be thrown back in her orbit, though 
not to such an extent as in the previous case, and it is manifest that the 
error will diminish continually as we descend towards the epoch of the 
tables. Now this was the character of the results which Halley obtained 
from an examination of some ancient eclipses recorded by Ptolemy and 
the Arabian astronomers, and which in consequence induced him to sup¬ 
pose that the moon’s mean motion was subject to a continual acceleration. 
He first alluded to this phenomenon in 1693, but no attempt was made to 
confirm his suspicion until the year 1749, when Dunthorne communicated a 
memoir to the Royal Society, in which he discussed all the observations 
calculated to throw light upon the subject. He computed by the modern 
tables an eclipse of the moon obserwed at Babylon in the year 721 a.c. ; 
another, observed at Alexandria in the year 201 a.c. ; a solar eclipse, 
observed by Theon in the year 364 A.n., and two similar phenomena, ob¬ 
served by Ibyn Joimis, at Cairo, in Egyj)!, towards the close of the tenth 
centmy. In all these cases the computed time of the phenomenon was 
earlier than the observed time; and the error generally was greater as 
the eclipse was more ancient. He therefore concluded that the several 
observations could only be reconciled with the tables by assuming that 
the mean motion was continually accelerated agreeably to the remark of 
Halley, and, from a comparison betw'een the observed and computed times 

* Laplace first explained these inequalities in the volume of the Academy of Sciences 
for the year 1784. In the volumes for the two following- years he gave a complete ana¬ 
lysis of the theory of Jupiter and Saturn, and shewed its accordance with the ancient and 
modern^ observations. An admirable exposition of the origin of the famous inequality men- 
tmned in the text is contained in Airy’s Treatise on Gravitation ; a little work which 
should be in the hands of every person (whether a mathematician or not) who desires to 
obtain clear ideas of the various modes in which the planets disturb each other by their 
mutual attraction. 

+ M6m. C6l., tome v. p. 324. 
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of a number of eclipses, lie was induced to fix: the amount of 
leration at 10'-' in a century, counting from the 3 ^ear 1700. 

A similar discussion conducted the celebrated aHtrononirr 
secular acceleration, of the mean motion. In his lunar tahh'.’ , , . . . . . 

in 1753, he fixed it at 1" in a century; but in those j)uhlislu*d at l.*«idoii, 
in 1770, it was raised to 9''“'. JLalande also investigated the in^ 

the year 1757, and deduced from his researches a secular eipuittuu uf 
9‘".886, which he ultimately fi.xed at 10". 

Astronomers having thus demonstrated by incontestable <*% iihuuM* ihnt 
the moon’s mean motion was becoming continually more rapid, lieui'c- 
forth became an interesting question to discover the ph^’sieal cau><o of 
phenomenon. The Academy of Sciences at Paris, always «,<■.< nuted l»y a 
zealous desire to promote the cause of science, offered their prizt^ of 17 
for an investigation, which should have for its object to ascertuiii wlufthttr 
the theory of gravitation could render a satisfactory account of tIuH situ- 
lar inequality in the moon’s motion. The prize was carried off by Kuh»r ; 
but that illustrious geometer was unable to discover equatioiis in tht» 
mean motion of a secular character. Towards tlie conclusion of his no** 
moir, he uses the following remarkable words :—“ Tliere is not oiui of tli(» 
equations about which any uncertainty prevails, and now it a,pj)carH to lio 
established by indisputable evidence, that the secular iiveqvuilify in the 
moon’s mean motion cannot be produced by the forces of gravil«tion.”»H 
The future history of this inequality should teach us to accept with tho 
utmost caution the dictum of any authority, however high, wlntn it t(Uni,H 
to impugn the generality of a principle supported, as in the prtss<uit in* 
stance, by a multitude of phenomena of the most unequivocal chanu’ter, 
^xious to obtain a solution of this difficult question, the Acadoiuy of 
Sciences again proposed it for their prize of ] 77^. Euler and .l .Mgi'ango 
were dedared the successful competitors and shared the prize between 
them. Euler concluded Ins memoir by repeating the ass<Tti(»n Iua had 
.. 1 ® previous occasion, adding that no doubt lienceforfli vouhl 
exist that the inequality arose from the rcsistanco of an fluid 

pervading the celestial regions Eagrango, in his memoir, gave a new 
solution of die Problem of Three Bodies, which he applied (o tlie nmun ♦. 
but he reserved for a future occasion a rigorous inquiry into the cau,H<‘ <if 
the acceleration. Meanwhile, some persons began to oVilortnin a suHideion 
that the spheroidal figures of the earth and moon, ly disturljiiee* tin* hiw 

occasion the ine(pmHty. imlmo d 

the Academy again to propose their prize of 1774 for an invest iga , f 
the subject Eagrange was declared the successful (.()inuelitn i 
examined the effects of the moon’s figure upon her tuotii,;,. by a vary 
skilful analysis, but he could hud no equation of a secular eluiraidi^r lil* 
a simple process of reasoning, he extended tho 

eaith, and lie assured himself with equal confidence that tlic nflrji V 

the planets and satellites could not he the ohse rtSrph'omu'^c:;;^^ 
then ^tered upon a critical discussion of the observations unon wbi J »f * 
alleged acceleration of the mean motion was fi^nldt nr ^ 
elusion was, that in general the data were of a n if .1. ‘ 

that perhaps the best course would be to reject Ihe iuca'>Hlity !,'ltog.Hil.u'g 

* Prix de 1’Academic, tome ix. 

T Ibid., tome ix. 

Ibid., tome ix. 

§ Memoires des fc'avans .litraiigers, tome vii. 
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Laplace, about the same time, investigated this interesting subject. 
Having carefully examined tihe ancient observations, he was induced to 
consider it as fully established, that the moon’s mean motion was be¬ 
coming more rapid in modern times. Some persons had endeavoured to 
explain the phenomenon by means of a continual retardation of the earth’s 
diurnal motion. If this supposition were true, an acceleration ought to 
have manifested itself in the mean motions of the planets, as well as in 
that of the moon, but this was not borne out by observation. But, besides, 
no sufficient cause could be assigned why the rotatory motion of the earth 
should be continually retarded. It was indeed alleged, that this effect 
might be produced by the continual blowing of the easterly winds, 
generated by the heats of the torrid zone, against the great mountain 
chains which run from north to south in both hemispheres. Laplace, 
however, mentions that he examined this point with attention, and arrived 
at the conclusion that no retardation of the diurnal motion could possibly 
arise from such a cause. He considered another solution of the problem, 
founded on the supposition that the regions of space are occupied by an 
ethereal fluid, which continually resists the motions of the celestial 
bodies. He admits that such an hypothesis sufi&ces to explain the phe¬ 
nomenon, but he contends that we have no independent proof of the 
existence of an ethereal fluid, and until we are assured beyond all 
possibility of doubt that the theory of gravitation cannot account for the 
moon’s acceleration, we ought not to have recourse to any extraneous 
source of explanation *. His views on this subject are unquestionably more 
sagacious and philosophical than those of Euler or Lagrange 

Unable to discover a secular inequality in the disturbing action of the 
sun, and yet reluctant to derive this result from any foreign principle, he 
was led to consider what effect might be produced by adopting a different 
conception of gravity. It had been always assumed that the effects of 
this principle were propagated instantaneously from bodies. Laplace, 
however, considered, that some time might he required for this purpose, 
and-he readily perceived that such a supposition would have the effect of 
modifying the intensity of the force exerted on the moving body. He 
therefore computed what ought to be the velocity of gravity, in order that 
the gradual transmission of that principle should occasion the observed 
acceleration of the moon’s mean motion, and he arrived at the remarkable 
conclusion that it must exceed the velocity of light eight millions of 
times. He remarked that if a satisfactory account of the origin of the 
phenomenon be adduced, without having recourse to this hypothesis, it 
would follow that the effects of the successive transmission of gravity 
would he insensible, and therefore the velocity must be at least fitty 
millions of times greater than the velocity of light! 

No further progress was made in this question until the close of the 
year 1787, when Laplace Anally announced that he had discovered the 
cause of the phenomenon in the gradual diminution of the mean action 
of the sun, arising in consequence of the secular variation of the ec¬ 
centricity of the terrestrial orbit f. The mean action of the sun uxDon the 
moon tends to diminish the moon’s gravity to the earth, and thereby 
causes a diminution of her angular velocity. This diminution being once 
sux>posed to occur, the angular velocity would afterwards remain constant, 
provided the mean solar action always retained the same value. This, 

* Mem. des Savans ^Itrangers, tome vii. 

Mem. Acad, des Sciences, 1786. 
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however, is not the case, for it depends to a certain extent on the 
eccentricity of the terrestrial orhit, an element which we know to he 
in a state of continual though inconceivably slow variation, from the 
action of the planets on the earth. This variation of the earth’s 
eccentricity will, therefore, produce a corresponding variation in the 
mean action of the srin; and the earth, in consequence, having more 
or less power over the moon, wdll either quicken or retard her angular 
velocity, whence will ensue a secular inequality in the mean motion 
conformably to observation. Now, the eccentricity of the earth’s orbit 
has been continually diminishing from the date of the earliest recorded 
observations down to the present time; hence the sun’s mean action 
must also have been diminishing, and consequently the moon’s mean 
motion must have been continually increasing. This acceleration will 
continue as long as the earth’s orbit is approaching towards a circular 
form, but as soon as this process ceases, and the orbit again begins to 
open out, the sun’s mean action will increase, and the acceleration of the 
moon’s mean motion will be converted into a continual retardation 

Laplace computed the acceleration, and found it to amount to 
t denoting the number of centuries before or after the 
year 1801. This result agrees as nearly as possible with that which 
astronomers have derived from a comparison of ancient with modern 
observations. 

If the inequality were rigorously determinable by the preceding for¬ 
mula, it would obviously continue for ever to increase in the same 
direction, a conclusion which w^ould be totally at variance with the expla¬ 
nation we have just given of its physical cause. The fact is, however, 
that the complete analytical expression of it is a periodic function of the 
time, and the quantity 1 O'M 81021 Si” is merely the second term in the de- 
velopement of it f, the others being so small as to admit of being rejected, 
when the computation does not extend to more than about 2000 years. 
Laplace, indeed, found that w’lien the moon’s place w^as calculated foi* the 
time of the Chaldean observations, it w'ould l)e necessaiy to take into 
account the term dexiending on the <;uhe of t. The inequality would then 
be expressed thus: 10'M81621‘3tM-0".0185384l£h 

The variation of the earth’s eccentricity, upon which tlie inequality in 
the moon’s mean motion depends, cannot be calculated from theory 
without a knowledge of the masses of the planets. WliGii it is cotisidered 
what uncertainty prevails respecting the masses of Mars and Venus, it is 
surprising how close the agreement is betw^een theory and observation. 
Fortunately, the planet which exercises by far the greatest influence on 
the eccentricity is Jupiter, whose mass is easily derived from the elonga¬ 
tions of his satellites. It is remarkable that the action of the planets on 
the moon, when transmitted to her indirectly through the medium of the 
sun, should be more considerable than their direct action upon her. 

The moon, in the present day, is about two hours later iu coming to tbo 

* It does not necessarily follow that because an inequality is secular it should increase 
continually in the same direction. Lagrange found that the secular inequalities in the 
mean motions of Jupiter and Saturn were of a recurring character, altliough tluur du¬ 
ration extended to the immense period of 70414 years ! Tlie secular inequality in the 
moon’s mean motion, being a more complicated phenomenon, luis a much longer period 
than this. 

-}- The first term, being proportional to the time, is absorbed in the mean motion, and 
therefore cannot form part of the inequality as determined by observation. 
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meridian than she would have been if she had retained the eame mean 
motion as in the time of the earliest Chaldean observations. It is a 
wonderful fact in the history of science, that those rude notes of the 
priests of Babylon should escape the ruin of successive empires, and, 
finally, after the lapse of nearly three thousand years, should become 
subservient in establishing a phenomenon of so refined and complicated a 
character as the inequality we have just been considering. 

Baplace also discovered that the lunar perigee and nodes were subject to 
secular inequalities from the same cause. He found that the inequality in 
the perigee was to the corresponding inequality in the mean motion as 33 
to 10, and was subtractive from the mean longitude. He also discovered 
that the secular inequality of the nodes amounted to seven-tenths of that 
of the mean motion, and was additive to the mean longitude. Thus it 
appeared that, while the mean motion was continually accelerated, the 
perigee and nodes were continually retarded, the three inequalities being 
as the numbers 1, 3, .7 -i'. It hence also followed that the moon’s 
motions, with respect to the sun, her perigee, and her nodes, continually 
increased in the ratios of 1,4, 0.265. The existence and magnitude of 
these inequalities were confirmed in a most satisfactory manner* by 
Bouvard, who for this, purpose instituted an extensive comparison between 
the ancient and modern observations. 

These great inequalities all depend on the secular variation of the 
earth’s eccentricity. They will continually become more perceptible as 
ages roll on, but a vast number of years will elapse before they will have 
passed through all their values f. They will one day affect the secular 
motion of the moon to the extent of at least the fortieth part of the 
circumference, and that of the perigee to the extent of the thirteenth 
part 1. 

It might be imagined that the secular variation in the position of the 
ecHptic would have the effect of modifying the sun’s action on the moon, 
and would in consequence disturb the mean inclination of the lunar orbit. 
Laplace, however, found that the moon was constantly maintained by the 
sun at the same inclitiation towards the moveable plane of the ecliptic, so 
that hei’ declinations were subject to the same secular changes as those 
of the sun, and were due solely to the continued diminution of the 
obliquity of the eclif)tic. 

It was not until Laplace announced his discovery of the cause of the 
moon’s acceleration, that Lagrange became aware of the oversight he had 
committed, while engaged in similar researches in 1788, by neglecting to 
analysis to the moon. He now made the required substitutions, 
and, computing the numerical value of the inequality, he obtained a result 
which almost coincided with that of Laplace §. 

We shall conclude this historical notice of the secular inequalities of 

* Since the mean motion of the lunar perigee is dh'ect, the effect of an inequality, 
wmch is subtractive from the mean longitude, will manifestly be to retard the perigee 
behind its true place. On the other hand, since the motion of the nodes is retrograde^ 
a retodation can only take place when the inequality is additive to the mean longitude. 

•}• _ Leverrier has found that the eccentricity of the terrestrial orbit will continue to di- 
1 period of 23,980 years. ft will then attain a minimum value equal to 
U.OOool4r^ Memoire sur les variations seculaires des 414mens des orbites pour les 
se^ j^anetes principales. See also Connaissance des Temps, 1843. 

? Systdme du Monde, tome ii., liv. iv. chap, v, 

f Mem. Acad, 1792-3. ^ 
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the moon, with a brief account of two other remarkable results, which 
Liaplace derived from his reseamhes in the lunar theory. The spheroidal 
figure of the earth occasions a sensible perturbation of the moon’s motion 
both in longitude and latitude. The inequality in longitude w'as dis¬ 
covered by Mayer, who was ignorant of the physical cause of it, but re¬ 
presented it in his tables by an empiric equation. Taplace derived the 
equation from theory, and found it to depend on the longitude of the 
moon’s node. Burg, bj’’ a comparison of numerous observations, was led 
to estimate the greatest value of the coefficient at .1. This result 
gives for the earth’s ellipticity. The inequality in latitude was 

discovered by Baplace to vary with the sine of the moon’s true longitude. 
Its value was derived by Burg and Burckhardt, from the combined ob¬ 
servations of Bradley and Maskelyne, and was fixed by them at — S'", a 
quantity which implies an ellipticity equal to 

The agreement between the results derivable from these t^vo distinct 
equations is very interesting. If the earth were homogeneous, it is de- 
monsti’able that the elli^oticity would be equal to ; it follows, then, that 
the density must increase towards the centre—a fact which we know' to 
be true from other sources. 

A comparison of arcs of the meridian, measured in different parts of 
the world, px’esents a series of anomalous results, Avhich lead us to con¬ 
clude that the figure of the earth is not that of an exact sifiieroid. It is 
remarkable, how'over, that w'hen twn arcs are compared, the distance 
between which is so great as to obviate the effects of any minute in¬ 
equalities in the spheroidal figure, they indicate an ellipticity almost equal 
to that derived from the lunar inequalities. Thus, the result of a com¬ 
parison between a meridional arc at the equator .and one measured in 
Trance, gives for the earth’s ellipticity. 

Another striking result Avhich Laplace derived from his researches 
W'as the value of the solar parallax. Among the equations in longitude, 
he found one involving that element, and varying with the angular 
distance between tlie sun and moon. The coellicient of tliis equation, 
Avhen compared with observation, was found to give*8''.0 for the mean 
value of the solar parallax. This result agrees with the mean of those 
obtained by astronomers from observations on tlie transit of Venus in 
1769. “ It is very remarkable,” says Laplace, “ that au astronomer, 

without leaving his observatory, by merely oonipariug bis observations 
with analysis, has been enabled to determine Avitli accuracy the magnitude 
and figure of tlie earth, and its distance from the sun and moon, elements, 
tlie knowledge of which has been the fruit of long and troublesome voy¬ 
ages in both hemispheres.” =!'- 

Exj)Osition du Systemo du Monde, tome ii. p. 91, 
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CHAPTER VI. 

Theory of the Figure of the Earth.—Newton.—Huygens.—Maclaurin.—Clairaut.—At¬ 
traction of Spheroids.—D’Alembert—Legendre*—Theory of Laplace.—Motion of the 

Earth about its Centre of Gravity_Nutation_Bradley.—^Investigation of Precession 

and Nutation, by D’Alembert.—-The Tides.—Equilibrium Theory.—Researches of 
Laplace.—Stability of the Ocean.—Libration of the Moon.—Galileo.—Hevelins.— 
Newton.—Cassini—Newton’s Explanation of the Moon’s Physical Libration.—Re¬ 
searches of Lagrange. — Combination of the Principle of virtual Velocities with 
D’Alembert’s Principle.—Laplace investigates the Effect of the secular Inequalities of 
the mean Motion upon the Libration in Longitude.—His Theory of Saturn’s Rings. 

The Pigure of the Fjarth was the first of the subjects treated of in the 
Prinoipia, which engaged the attention of geometers. In 1690 Huygens 
published his treatise “ De Causa Gravitatis,’^ in which he investigated 
the ratio of the earth’s axis in accordance with his own -views of gravity. 
Assuming the density to he homogeneous, he imagined, like Newton, two 
fluid columns, reaching from the centre of the earth to the surface ; one in 
the plane of the eq_uator and the other along the polar axis. The jparticles 
of the e<iuatorial column w’ere acted upon hy gravity and by the centrifugal 
force arising from their rotation ; those of the polar column were acted 
upon by gravity alone. The eq[uatorial particles being, therefore, severally 
lighter than the j)olar, and the two columns being also in equilibrium, it 
was necessary that the equatorial column should compensate, by its supe¬ 
rior length, for the diminished pressure of its particles. Huygens as¬ 
sumed that gravity urged the particles to the centre of the earth with 
a force varying according to the inverse square of the distance. This 
supposition was inconsistent with the theory of gravitation, for Newton 
had found that, in consequence of the attraction of the surrounding 
particles, the tendency of each particle to the centre would vary in the 
direct ratio of the distance. We have already remarked, however, that 
rejected the mutual attraction of the particles of matter, and 
admitted only their gravity towards a central point. Having computed 
the ^ lengths of the two columns on the supposition that they were in 
equilibrium, he found diat the equatorial column would exceed the polar, 
assumed equal to unity, by half the ratio of the equatorial centrifugal force, 
to the equatorial gravity, or by i x Hence the ratio of the 

two axes would be as 579-to 578. He also found that the increase of 
gravity at -the sm'face, from the equator to the pole, would vary in the 
proportion of the square of the sine of tbe latitude, and that the total 
increase, supposing the equatorial gravity equal to unity, would he equal 
to twice the ratio of the equatorial centrifugal force to the equatorial 
gravity, or 2 x Thus tJie fraction expressing the ellipticity was to 

that expressing the total increase of gravity as | to 2. Newton’s theory, 
on the other hand, gave the same fraction in the'^one case as in the other; 
both being measured by -f^ths’ -the ratio of tbe equatorial centrifugal force 
to the equatorial gravity. It is remarkable, however, that the sum of the 
fractions is the same in both theories for the same values of the last- 

* The ratio of the excess of the equatorial over the polar axis to the. latter axis is 
termed trie ellipticity of the spheroid. Hence, if the polar axis be assumed equal to unity, 
the ellipticity will be represented simply by the excess of the equatorial axis over it. 
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mentioHed ratio. Thus, in Newton’s theory, tlio two fractious being both 
equal to x -s-ft-rr, their sum is equal to x j in Huygens’ theory, 
the same sum is equal to § x H- 2 x ~ ^ x -Tr-f^y These are 
only particular cases of a general theorem discovered by Glairaut, connect¬ 
ing the ellipticity of spheroids -with the variation of gravity at their sur¬ 
faces. This theorem, indeed, supposes the mutual gravitation of the 
particles of matter, which Huygens refused to admit; but the investigation 
of that philosopher may be considered as founded on the same principle, 
by imagining the spheroid to be composed of strata of different densities ; 
the exterior stratum being infinitely rai‘e, and the density thence increas¬ 
ing to the centre, where it is infinite. 

The theories of Newton and Huygens involve the two extreme cases of 
density, and therefore assign the limits of ellipticity for a heterogeneous 
spheroid revolving round a fixed axis. Hence, since there is strong 
reason to believe that the density of the earth increases towards the centrci 
it might naturally be expected that the ellipticity would be comprised 
between these limits. This conclusion has been verified in the most 
satisfactory manner by the researches of astronomers, who have found 
that the ellipticity, whether as determined by tlio measurement of me¬ 
ridional arcs, by experiments with the pendulum, or by ol)servation8 on the 
motion of the moon, lies between -n-} (>- and the values assigned by tlio 

two extreme cases of the problem. 

Neither Newton nor Huygens demonsti'atcd d priori that the earth 
might possibly assume the form of an oblate sjpheroid. This important 
step was reserved for Maclaurin In his pri^i^e memoir on the Tides, 
which appeared in 1740, this distinguished mathematician proved, by a 
beautiful application of the ancioiit geometry, that an oblate spheroid 
would satisfy the conditions of equilibrium of a lioinogeneous fluid mass, 
differing little from a sphere, anil enduocl with a rotaloiy motion round 
a fixed M.vis. He also demonstrated lliat, t.lio iTicroase of gravity from the 
equator to the pole would vary as tlie square of the sine of the latitude, 
and that tlie ratio of tho total increase! to the gravity at the equator would 
be expressed by the fractima representing tho ellipticity, or, in other words, 
l)y ftlis tlie ratio of the equatorial ccutrifugal force to the equatorial 
gravity. These results confirmed the assumptions of Newton ; but, ns tlioy 
were founded on the supposition of a liomogeneous fluid, tliey were not 
applicable to tbe earth, wiiicli evidently increased in density towards tho 
centre. They formed, however, an important advanco towards a inoi’o 
correct theory of tho eartli’s figure, and on this account deserve to bo 
considered as a valuable contribution to Physical Astronomy. Tlie in¬ 
vestigations by means of wliicli Maclaurin arrived at theBe results ha\’c 
been universally admired for tlieir ingenuity and elegance, and are justly 
considered as lavalling, in these respects, the most finished models of the 
ancient geometry. 

In 1743 Glairaut published his valuable treatise oxi the Ifigure of tho 
Earth. In this work the general icquations of tlie equilibrium of fluids, 
independently of any hypothesis with respect to the density or the law of 
the attraction, are for the first time given. By means of these equations 
Glairaut investigated the figure of tlio earth on tlio supposition of the den¬ 
sity being heterogeneous; and he found, that in this case also an elliptic 
spheroid would satisfy tho conditions of equilibrium, provided the mass was 

* Born ill 1098, at Kilmoddan, in Argyllshire; died at Edinburgh, in 3740. 
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disposed in concentric strata of similar forms and liomogeneous density. 
Tlie ellipticities of the successive strata will obviously depend on the law 
of the density, and the other conditions of the problem ; but Clairaat 
discovered that the following theorem is generally true:— the sum of the 
fractions eoo^ressing the ellipticity and the inci’ease of gravity at the 2 ^ole is 
equal to ttvo and a half times/the fraction expressing the centrifugal force at 
the eqviator^'. This theorem, combined with that relating to the variation of 
gravity at the surface, enables as to determine the ellipticity of the earth, 
by means of observations on the force of g*ravit 3 '-, in two different latitndes. 
Its peculiar value consists in being independent of any hypothesis with 
respect to the internal constitntion of the earth. We have seen that the 
results obtained by hTewtou and Huygens offer particular illustrations of 
this important theorem, which is generally desigmated by the name of its 
inventor. Xittle real progress has been made in the theory of the Figure 
of the Earth beyond the results to which Clairaut was conducted hy his 
admirable researches on this occasion. 

The actual ellipticity of the earth may be determined by three distinct 
methods. The simplest of these in principle depends on the measure¬ 
ment of two. arcs of the meridian lying in different latitudes. The other 
two methods are derived from the theory of gravitation. One of these is 
suggested by Glairaut’s theorem, and requires akiiowdedge of the force of 
gravity in two different latitudes. These data may be found by means of 
experiments with the pendulum. The other method, assigned by theory, 
depends on the effect of the earth’s ellipticity in disturbing the moon’s 
motion. It may not be uninteresting to compare the results obtained hy 
these three methods; and for this purpose we shall select the examples 
given by Mr. Airy in his treatise on the Figure of the Earth f. 

With respect to the first method, Lambton measured an arc of the 
meridian in India, comprised between lat. 8® 9^ SS" .4, and lat. 10° SO-' 
48" .9, and found its length to be 1039100.5 feet. S-wanberg, on the 
other hand, measured a similar arc in Sweden from lat. 65** SI' 33" .3, 
to lat. 6T° 8'' 49" .8, and found its length 503377.5 feet. These measui’es 
assign earth’s ellipticity^. 

Again, ait Madras, in latitude 13® 4' 9", the length of the seconds 
pendulum has been -found to be equal to 39.0334 inches; at Melville 
Island, in latitude 7 4° 47' 13", the corresponding length is 39.2070 
inches. These results give for the ellipticity. 

Lastly, the coefficient of the inequality in the moon’s latitude, depend¬ 
ing on the spheroidal figure of the earth, is found hy observation to be 
equal to —8". This result indicates an ellipticity equal to t- 

The near agreement of these values of the ellipticity, determined by 
methods so very dissimilar, constitutes a powerful argument in favour of 
the theory of gravitation. 

It is obvious that the question relative to the figure of the earth, and 
the variation of gravity at the surface, is intimately connected with the 
theory of the attraction of spheroids. In 1773 Xagrange demonstrated 
by analysis the results to which Maclanrin was conducted by his re¬ 
searches on this subject, and extended them to the general form of tbo 

* In this enunciation of Clairaufs theorem, the uxiit of force Is represented by the 
equatorial gravity. 

■f Mathematical Tracts on the Lunar and Planetary Perturbations. 

t This result does not e.vactly coincide with Laplace’.-?, on account of a slight difference 
in the data, 
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ellipsoid. Maclauriii had liixiited liia investigation to the attraction of 
particles either contiguous to the surface of the si^heroid, or situated in 
its interior. It was desirable, however, to complete the theory of the 
subject, by determining the attraction of a point situated anywhere with¬ 
out the spheroid. D’Alembert first gave a theorem, by means of which 
the attraction in this case might be found, when the particle was situated 
in the prolongation of one of the axes, and Degendre afterwards discovered 
a similar theorem applicable to an exterior point, situated anywdiere 
whatever when the attracting body was an ellipsoid of revolution. The 
problem for the general case of the ellipsoid presented analj^tical diffi¬ 
culties, which continued fpr some time to elude the researches of the 
most profound analysts. In 1784 Laplace finally succeeded in effecting 
its solution, but his method was embarrassed "with series, and did not by 
any means possess the elegance and i)erfection which distinguished the 
other parts of the theory. 

Ill 1782 Laplace explained a general theory of the attraction of 
ellipsoids. His researches were based wholly upon a partial differential 
equation of the second order of a very remarkable character, which has 
been siihsequently employed with great success in many important in¬ 
vestigations connected with the Physico-mathematical sciences. 33y 
simple differentiation, he determined the figure assumed by a hetero¬ 
geneous mass of fluid, differing only in a small degree from a sphere, 
and by a similar process he also obtained the law of attraction at the 
external stratum. His results coincided with those to which Clairaut 
had been already conducted by a less direct analysis. The investigation 
of this great geometer is indeed more remarkable, for the method by 
which he derives the theorems of his predecessors, than for any new light 
he throws on the difficult subject to which it relates. The calculus he 
employs in it is described by one of the most eminent mathematicians of 
the present age, as the most singular in its character, and the most 
powerful in its ajeplication, which has ever been devised 

The motion of the earth about its centre of gravity was one of those 
great problems of the system of the world, which demanded for its solu¬ 
tion the most advanced principles of mechanical science. Newton’s re¬ 
searches on this subject have been admired as one of the most remark¬ 
able triumphs of his genius, but a more complete and systematic investi¬ 
gation -was rendered desirable by the improved state of analytical me¬ 
chanics. Further researches w^ere also called for by Bradley’s discovery 
of Nutation. It did not escape the sagacity of Newton, that* besides the 
motion which occasions the Precession of the Equinoxes, the earth’s axis 
would he affected by an oscillatory motion, arising from the variable 
position of the plane of the equator with respect to the direction of the 
sun’s disturbing force f. In fiict, if we suppose the earth to he situated 
in the vernal equinox, the sun’s disturbing force will pass through the 
plane of the ring formed by the redundant matter at the equator, and, 
therefore, it can produce no effect on the position of that plane. As the 
earth proceeds in her course, the sun’s force becoming inclined to the 
ring, will tend to disturb its position, and this disturbance will continually 
increase to the solstice, where the inclination reaches its maximum. 
From this point the tendency of the sun to disturb the ring continually 

* Airy, Encycl. Metrop. Art. Fig-ure of the Earth. 

'h Princlpia, book i. prop. 66, cor. 20. 
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climinislies, until it finally vaiiislu^ once more upon the earth’s arrival in 
the autumnal equinox, when the disturbing force passes through the 
plane of the ring. The same succession of changes will manifestly take 
place from the autumnal to the vernal equinox. This constant variation 
of the influence of the sun’s disturbing force upon the position of the equa¬ 
tor -will give rise to an oscillatory movement of the latter plane, which 
■will pass through its values tn the course of half a year, and it will be ac¬ 
companied by a corresponding nutation of the earth’s axis with respect to 
the plane of the ecliptic. Newton announced the period of this inequality, 
hut did not compute its value, deeming it too inconsiderable to be de¬ 
tected hy observation In fact, it does not amount to half a second at 
its maximum. A similar nutation arises from the action of the moon oir 
the terrestrial spheroid. It completes its period in half a month, but, 
like the solar natation, it is quite insensible. 

3at, if the plane in which either of the disturbing bodies moves should 
vary in position with respect to the plane of the equator, it is clear that a 
nutation of the earth’s axis will arise, independent of that which we have 
just been, considering. In this case the effect of the disturbing force will 
increase or diminish with the increase or diminution of the inclination 
het-ween the two planes, and it will give rise to an inequality, the period 
of which will be equal to that comprised between the least and greatest 
angles of inclination. Since the plane of the ecliptic constantly preserves 
the same inclination with respect to the equator, at least, if we neglect 
its secular displacement, no nutation of this kind can arise from the action 
of the sun. But the case is quite different when the disturbing force of 
the moon is considered. The lunar orbit is inclined to the ecliptic at an 
in%'-ariabl6 angle, but, as its nodes have a retrograde motion upon that 
plane, its inclination to the equator will continually vary. The incli- 
' nation of the lunar orbit to the eclipotie is about 5° 8', and the nodes 
perform a complete revolution in somewhat more than 18 years. The in¬ 
clination to the equator ■will therefore pass from its maximum to its mini¬ 
mum value in about 9 years, varying to the extent of lO'* 16^, and in the 
succeeding 9 years it will return to its original state. Hence arises an 
inequality in the motion of the earth’s axis, which completes its period in 
a little more than 18 yeai’s. This inecinality had escaped the notice of 
geometers, until Bradley detected it by observation. That great as¬ 
tronomer discovered irregularities in the places of the stars, which could 
not be reconciled either with the phenomenon of aberration, or with the 
annual motion of precession. Having prosecuted his observations during 
a number of years, he found that the irregularity of each star passed 
through all its values in course of a complete revolution of the moon’s 
nodes- Thus, for example, he found that, during the nine years com¬ 
prised between 1727 and 1736, the star y Draconis moved 10''' to the 
north, while during the nine following years it continued to move south¬ 
wards, until it finally arrived in its original position. He explained 
these irregularities by an oscillatory movement of the earth’s axis, the 
period of which extended to a revolution of the moon’s nodes. In virtue 
of this nutation, the earth’s axis alternately approaches to, and recedes 
from, the plane of the ecliptic, and the equinoctial points alteraately 
advance and recede upon the same plane. Both of these effects may he 
accounted for hy imagining the pole of the equator to describe a small 

^ Priacipia, book iii. prop- 2k 
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ellipse in the heavens I'ound its mean place, the inaior and minor axes of 
the ellipse being 18''' and 13", and the formei' of these coinciding with 
the circle of latitude passing through the mean pole of the- equator. 

Bradley, besides determining the period and maximum value of Nuta¬ 
tion, had the sagacity also to discover its true physical cause. It now 
remained for geometers to compute the inequality by theoiy. In 1749 
D’Alembert published his important work on the Precession of the Equi¬ 
noxes, which contained a rigorous investigation of the motion of the earth 
about its centre of gravity. The quantities of j)recession and nutation, 
when computed by theory, were found to accord in the most satisfactory 
manner with observation. Solutions of the same great problem, differing 
more or less from each other, were soon afterwards given by Euler, Frisi, 
Thomas Simpson, and several other geometers. Eaplace at a later period 
examined the effect which might be produced on the motion of the eartli’s 
axis by the fluid state of the ocean, and he was conducted to the following 
remarkable conclusion:— tJie motion of the earth's aans is the same as if 
the whole sea formed a solid mass addiering to its surface. 

About the time that geometers resumed the consideration of the figure of 
the earth, their atteiitioir was also directed to the theory of the Tides, The 
Academy of Sciences of Paris having proposed it as the subject of their prize 
of 1740, four individuals were considered to possess just claims to distinction, 
and the prize was shared among them. Three of these, Euler, Maclauriti, 
and Daniel Bernouilli, adopted the jarinciple of gravitation as the basis of 
their respective investigations; the fourth, Eatlior Oavalleri, endeavoured 
to exj)lain the phenomena hy the system of vortices. This was the last 
honour paid to the Cartesian theory, which soon aftei'wards sank into total 
oblivion. The three geometers first mentioned supposed tliat the action 
of the sun or moon ujion the ocean drew the earth every instant into the 
form of an aqueous spheroid, which would be maintained in equilibrium 
if the forces continued to opeiute with the same intensity and in the same 
direction. This wars termed tlie equilibrium, theory, and it is manifest 
from its fundamental principle that tlie researches suggested by it essen¬ 
tially coincided Avith those relating to the ligurc of the earth. In reality, 
however, the continual change in the positions of the sun and moon witli 
respect to the earth does not allow the waters of the ocean to attain a, 
state of equilibrium, and it is hy the mutual blending of the oscillations 
hence arising that the different phenomena ol the tides are occasioned 
The question is therefore one of dynamics, and not of statics. PajAlace 
first considered the subject in its proper liglit, its investigation having 
been recently very much facilitated by the researches of D’Alembert on 
the motion of fluids, and by bis invention of tlie calculus of partial dif¬ 
ferences. The theory of JLaplace, although generally allowed to be a 
signal effort of mathematical genius, is based upon two suppositions, which 
cannot be reconciled with the real condition of the earth. These are—1st, 
that the whole exterior stratum of the earth is covered with an aqueous 
fluid ; 2nd, that the deqffh of the ocean is uniform under the same pa,ral- 
lel of latitude. Discovering the impossibility of adapting his results to 
the actual state of the Tides, on account of the influence of a nniltitucle of 
circumstances which could not be ascertained with precision, and oven if 
they were so ascertained could not be introduced into his tlicory, he was 
compelled to assume as a general qorinciple that the oscillations of the 
waters of the ocean are periodical, like the forces which produce them, but 
that they are not necessarily proportional to tlio magnitudes of those forces. 
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nor are tlie times of tlieir maxima and minima necessarily coincident witli 
tlie times of the maxima and minima of the forces. In otlaer 'svordsj he as- 
snmed that, if the distnrting forces of the sun or moon be exioressed hy a 
series of cosines of angles, the oscillations of the sea will he expressed hy 
a corresponding series of cosines, the arguments being tlie same in both 
cases, hut the epochs and coefficients heing different. This assuniption lias 
been justly regarded as tantamount to an evasion of the difficulties of the 
problem, rather than a real conquest of them. Indeed, it is now generally 
admitted, that a long course of observations, conducted with great skill, 
and under a variety of different circumstances, can alone lead to a theory 
of this subject which shall be of any service in the construction of accu¬ 
rate Tide tables. 

An interesting question which Xaplace considered in connexion with 
that of the Tides was the stability of the Ocean. It is important to know 
whether the condition of the ocean is such that any disturbance which^ it 
might suffer would produce only temporary oscillations, in course of which 
the waters would gradually relapse into their former position, or whether 
the condition is so mistable that the communication of a small quantity 
of motion would caus^ the waters to leave their ordinary bed and over¬ 
whelm the whole surface of the earth. Laplace found that the equilibrium 
w'ould be stable provided the density of the sea was less than the mean 
density of the earth. Now, the various experiments made on the attrac¬ 
tion of mountains, and those executed for a similar pxu'pose with the tor¬ 
sion. balance of Oavendish, all concur in showing that the mean density of 
the earth is about five times the density of the sea. We are therefore 
assured that, under the present constitution of the material universe, the 
face of the earth will not be liable to any overwhelming inundation of the 
waters of the ocean, a conclusion wliich beautifully illustrates the lan¬ 
guage of Scripture—" hitherto shalt thou come, and no further.” 

Another important subject which soon afterwards engaged the atten¬ 
tion of geometers was the lihration of the moon. It had been remarked, 
from the most ancient times, that the moon turns the same side towards 
the earth throughout the entire course of every revolution. A curious 
consequence of this fact is, that the motion of that body round the earth 
is equal to her motion round her axis. It is singular, however, that this 
conclusion does not appear to have suggested itself to astronomers until 
the revival of science in modern times. Galileo first discovered that the 
appearance of the moon’s surface is subject to a slight variation, depend¬ 
ing on her altitude above the horizon. This fact he rightly explained hy 
the variable position of a spectator at the earth’s surface on account of the 
diurnal motion. Infact, unless the moon be in the zenith, a spectator alwaj^s 
views her in a direction different more or less from that in which he would 
view her if he were placed at the centre of the earth. This phenomenon, in 
consequence of passing through all its phases in twenty-four hours, has been 
designated the diurnal lihration of the moon. Hevelius discovered a similar 
lihration in longitude, which lie ascribed to the displacement of the centre 
of the orbit from the centre of motion; but Neivton first gave a clear expla¬ 
nation of this phenomenon in a letter addressed to Mercator, which appeared 
in a-work on astronomy, published by that individual in- the year 1676. 
He showed, that it arose from the inequalities of the moon in longitude 
causing the angle described by her i*ound the earth sometimes to exceed 

* Job xxxviii. 2. 
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in magnitude the angle clescrihed by her round her axis, and other times 
to fall short of the same angle; whence it happened, that the great circle 
formed by the intersection of the lunar surface with a phine passing 
through the moon’s centre, and peri)endicular to the line joining the earth 
and moon (which great cii'cle determines the lunar hemisphere visible to 
the spectator), does not maintain a fixed position, but oscillates continuallj’- 
round a mean state. Hence the moon will appear to librate continually 
to and fro in the plane of her motion. In the same letter Kewtoii ex¬ 
plained the libration in latitude, which arises in consequence of the moon’s 
axis of rotation being inclined to her orbit. This phenomenon, like the 
two already mentioned, is purely opticah 

Oassiui is the next person whose researches contributed to throw light 
upon this interesting subject. This astronomer discovered the remark¬ 
able fact, that the nodes of the moon’s equator always coincide with the 
nodes of her orbit. He also found that a plane drawn through the moon’s 
centre, parallel to the plane of the ecliptic, is always contained between tbe 
planes of her equator and orbit, so that tbe poles of the latter are con¬ 
stantly situated in the same great circle with the pole of the ecliptic, but 
on opposite sides of it. He fixed the inclination of the lunar equator to 
the ecliptic at 30'. 

Mayer, about the middle of the last century, undertook an extensive 
series of observations for the purpose of verifying the conclusions of Cas¬ 
sini. He measured the distance between the nodes of the equator and 
orbit, and found it to amount to 3° 30'. He remarked, however, that the 
displacement might be considered as absolutely insensible, since its de¬ 
termination depended on the inclination of the lunar equator, an error in 
which of only 5' would produce a corresjjonding error of SJO® or 25° in the 
distance between the nodes. He fixed the inclination of the lunar equator 
at 1° 45', a quantity considerably less than the corresponding estimate 
of Cassini. Lalande, a short time afterwards, made observations on the 
moon, and arrived at conchisions which mainly agreed with those of 
Mayer, but lie obtained 2® 9' for tbe inclination of tlie lunar equator. 
Ilecent observations have, however, completely confirmed tlje value as¬ 
signed to that element by the illustrious astronomer of Gottingen. 

The libratioiiswe have hitherto mentioned are apparent, not real; for they 
do not depend upon any actual inequality in the motion of the moon round 
her axis. Newton, how’ever, did not fail to perceive that the action of the 
earth would, under certain conditions, affect tbe figure of the moon, and 
would thereby occasion a real variation of her rotatory motion. Proceed¬ 
ing upon the siqiposition tliat she wns originally in a Iluid state, he con¬ 
cluded that the tei'restrial attraction would draw her into the form of a 
spheroid, the longer axis of which, when produced, would pass through 
tbe earth’s centre. Comparing this phenomenon with the tidal spheroid, 
occasioned by the action of the mooii upon the earth, he found that tlio 
diameter of the lunar spheroid, wliich is directed towards the eartli, would 
exceed the diameter at right angles to it by 186 feet. He discovered in 
this elongation of the moon the cause why she always turns the same side 
towards the earth, for lie remarked that in any other po.sitiou the action 
of the earth would not maintain her in equilibrium, but would const an tly 
draw her hack, until the elongated axis coincided in direction with the lino 
joining the earth and moon. Now, in consequence of the inequalities of 
the moon in longitude, the elongated axis will nob alwnys he directed 
exactly to the earth. Newton therefore concluded that a rccil libration of 
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tlie moon would ensue, in virtue of which, the elongated axis would oscil¬ 
late perpetually on each side of its mean place. 

D’Alembert was the first of Kewton’s successors who undertook to in¬ 
vestigate the subject of the moon’s physical libration. In 1754 this 
great geometer, encouraged by his researches on the Precession of the 
Equinoxes, applied the same method of investigation to the prohl em of 
the moon’s motion about her centre of gravity. Pie did not, however, 
pay sufficient attention to the modification rendered necessary by the 
slow rotatory motion of the moon, and the near commen surability of 
the motions of revolution and rotation- For these reasons the results 
obtained by him did not accord so well with observation as those to which 
he was conducted by his previous researches of a similar kind relative to 
the motion of the earth. The Academy of Sciences of Paris having 
offered their prize of 1764 for a complete theory of the moon’s libration, 
Lagrange composed an admirable memoir on the subject, which obtained 
for him the prize. It was in this investigation that he first employed the 
principle of virtual velocities in combination with the dynamical principle 
recently discovered by D’Alembert. By this step he reduced every ques¬ 
tion relating to the motion of a system of bodies to tbe integration of a 
series of di&rential equations of the second order, whence the only dif¬ 
ficulties that remained to be overcome were those of a purely analytical 
nature. This refined conception forms the basis of his celebrated work, 
the Mecanique Analytigue, which he published at a subsequent period of his 
life, and in which all the great problems of mecbanical science are inves¬ 
tigated by a process divested of every trace of geometrical reasoning. 

Lagrange, in the memoir above mentioned, proceeded first to consider 
the figure which the moon would assume in consequence of the various 
forces exerted upon the particles composing her mass, which he supposed, 
with Newton, to have been originally in a fluid state. It does not apipear 
to have occurred to the latter, that the centrifugal force generated by the 
rotatory motion of tbe moon would affect her figure to an extent com¬ 
parable with the effect occasioned by the action of the earth. Lagrange, 
however, found that both effects were of the same order, and that the moon 
would in reality acquire the form of an ellipsoid, the greatest axis being 
directed towards the earth, and the least being perpendicular to the plane 
of the equator. 'The greatest axis, and the mean axis, will both lie in the 
last-mentioned plane; the mean position of which, as we have already stated, 
is parallel to the plane of the ecliptic. Lagrange also found that the excess 
of the axis turned towards the earth over the least axis was four times 
greater than the excess of the axis at right angles to it over the same axis. 

Considering next the effect of the earth’s attraction upon the rotatory 
motion of the moon, Lagrange found that the mean motion would he 
affected by a series of inequalities corresponding to those of the mean 
motion in longitude. Tbe velocity of rotation is on this account soine- 
ffmes accelerated beyond its mean state, and at other times retarded behind 
it, whence there ensues a real libration similar to that remarked by New¬ 
ton. Lagrange shewed that it was not necessary to suppose that at the 
origin the motions of rotation and revolution w^ere exactly equal. If they 
differed by an arbitrary quantity confined within certain narrow limits, 
the effect of this difference would be merely to occasion a slight inequality, 
in the motion of rotation, in virtue of which the axis directed towards the 
earth would lihrate continually on each side of the line joining the earth 
and moon. The most careful observations of the moon’s surface have not 
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disclosed to astronomers any traces of a libratory motion of this character ; 
•whence •we may conclude that the motions of rotation, and revolution did 
not originally differ by a sensible quantity 

Lagrange next considered the lihratioii of the moon in latitude. In 
this memoir he did not succeed in ex'plaiiiirig the singular fact discovered 
hy Cassini relative to the coincidence of the nodes of the lunar orbit and 
equator. When he assumed tins coincidence in the outset of his re¬ 
searches, he found that the luiiar equator, instead of being fixed x^dth 
respect to the eclij)tic, continually approached towards that plane, while 
observation on the other liand went to prove that it was inclined to it at 
nearly an invariable angle. This portion of his researches being imper¬ 
fect, he resumed the subject fifteen years afterwards, and in the volume 
of the Berlin Academy for 1780, he ])ublished an admirable memoir, in 
•which he completed the theory of the moon’s motion about her centre of 
gravity. On this occasion he w^as conducted to the remarkable conclusion, 
that if the mean nodes of the lunar equator and orbit bo supposed to 
have originally coincided, the action of the earth upon the lunar ellipsoid 
would constantly maintain this coincidonco. Ho also determined tlie laws 
of the small oscillations, by which the true iiodo of the lunar equator 
deviates from the mean node. 

The only question connected ivitli this subject which still remained to 
be examined was the effect whiidi Iho secular inequalities in tlio mean 
motion of the moon might produce upon the appearance of the lunar 
surface. These inequalities will one day derange tlie moan place of the 
moon to the extent of several circumferences of tlio circle, and if the 
rohitory motion of the moon remained constant during tha whole period 
of their develojjement, the inevitable consequeneo would be, that tlio moon 
wnuld present the wliole of her surface in gradual succession towards tlio 

* Several writers on astronomy, wlum dcserilung’ the various librations of tlie moon, 
afllrm that the fourth, or physical librution, was discoverc<l by I >agrar>ffe. If this refers 
to the libratory motion mentioned in the text, it ciiniiot be called a discovery, since its 
actual exi.stence has not yet been ostablished by astronomers. The only real lihratioii 
which observalion has detectod is tliat depending on the lunar incqnaliliea in iDiigitnde 
(chiefly the aniuial equation ; sec Ciia|)lcr XI.), ;uk1 (Iuk jihenomenon wjis lirst remarked 
a.s a theoretical trutli hy the great founder of Physical A.stroiioiny, who unfolded the whole 
mechanism of the planetary system, aiul by his unrivalled sagacity anticipated those results 
which his successors, by the aid of a rodnod analysis, liavo heen enabled only to confirm 
and extend. Laplace is suriorised that Nevi'ton shonid have failed to notice (hat, in order 
to assure the constant erpiality of the motions of rotation and revolution, it w'a.s not abso¬ 
lutely necessary that at the origin they should have been exactly equal. This, however, 
might be considered as a natural corollary to the remark of Newton, that any disturbance 
of the elongated axis of the moon would merely result in an oscillatory motion on each 
side of its mean place ; for the possibility of allowing the arbitrary constants of any 
system to vary a little on each side of a mean state, without occasioning any permanent 
derangement of the system, is a manifest attribute of the condition of stable equilibrium, 
and such a condition is clearly implied in Newton’s words:—Unde ad hunc situni 
semper oseillando redibit.”—Prindp., lib. iii. prop, xxxviii. If the motions of rotation 
and revolution had dilFerecl a little at the origin, as Daplace conceived they might, it is 
clear that the elongated axis iivould not have coincided exactly with the line joining the 
earth and moon; and hence, according to Newton’s statement, it would oscillate eon- 
linually on each side of that line. Newton, however, evidently refers to the (liUcrence in 
the two motions occasioned by the inequalities in the moon’s longitude. It is natural 
enough, indeed, to suppose that the illustrious anlhor of the Prineipia did not feel any 

anxiety to repudiate the original equality of the motions of rotation and revolution_a 

relation which, although perhaps diflicult to explain l>y the doctrine of chances, becomes 
very interesting and suggestive when it is considered as the rcsidt of Supreme Intel¬ 
ligence. 
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earth. Xaplace investigated this interesting question, and arrived at the 
conclusion that such a condition was inconsistent with the theory of gra¬ 
vitation. He found, in fact, that the terrestrial attraction would always 
draw the moon’s axis into coincidence with the line joining the earth 
and moon, so that the rotatory motion will participate in the secular acce¬ 
leration of the motion in longitude, and consequently the lunar hemi¬ 
sphere, which is turned away from us, will remain for ever concealed from 
view, with the exception of the small portion disclosed by the periodic 
inequalities. 

Laplace has considered the circumstances which determine the sta¬ 
bility of the singular mechanism with which the planet Saturn is 
furnished. He considers that the rotatory motion of the rings may be 
accounted for by supposing the particles composing them to be homoge¬ 
neous, and to move freely among each other like the particles of a 
fluid. Under such conditions, he shews that they would he maintained in 
equilibrimn by the action of the planet and the centrifugal force generated 
by tlieir own rotatory motion, the exterior surfaces assumed by both rings 
being such, that all sections perpendicular to them, and passing through 
the centre of the planet, vrouldbe ellipses, whose maior axes when produced 
would pass through that point. Laplace hence concluded that the period of 
the rotation of the rings is equal to that of a satellite revolving at tlie 
distance of the centx-e of the generating ellipse. This period he found to 
be equal to lOli. 33''.3G''^ It is remarkable that Herschel inferred, from 
certain periodic changes in the appearance of the rings, that they accom¬ 
plished a revolution round the planet in lOh. 

If the rings w^ere uniform and circular, and were not exposed to the 
action of any extraneous force, it would still be possible for them .to re¬ 
volve constantly round the planet; but it is clear that the least disturb¬ 
ance, as the action of a satellite or comet, "would affect their stability, and 
ultimately precipitate them upon the body of the planet. In order, there¬ 
fore, to assure the permanence of the rings, Laplace conceived that it wus 
necessary to suppose tlieir figures to be irregular, so that any disturbance 
either of them might suffer would be rapidly checked in course of rota¬ 
tion by the unequal distribution of the mass. 


CHAPTER VII. 


Jupiter’s Satellites.—Galileo-—Simon Marius.—Hodierna.—Bovelli.—Cassini.—His first 

Tables-He is invited to France.—He publishes his Second Tables.—His Rejection of 

the Equation of Light.— Researches of Maraldi I.— He discovers that the Inclination 
of the second Satellite is variable.—Bradley’s Discoveries.—Maraldi II.—His Dis¬ 
coveries I'elativo to the third and fourth Satellites,—He adopts the Equation of Light. 
—Wax-gentin.—He discovers the Inequalities in Longitude of the first and second 
Satellites- — He reinarlcs that the tliii*d Satellite has two Equations of the Centre.— 
Motion of the Nodes of the fourth Satellite,—Inclination of the third Satellite.— 
Libratoiy Motion of the Nodes.—Inclination of tlxe fourth Satellite. 

The discovery of Jupiter’s satellites is one of the most interesting events 
ill the history of astronomy. Even in any age it would have been deemed 

* Phil. Trans. 1790. 
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an important contrib-ation to science; "but in the begiiiniiig of the seven¬ 
teenth century, Avhen men’s minds were wavering between the ancient 
and modern ideas of the system of the world, it exercised an influence of 
which it is impossible to form an adequate conception in the present day. 
The existence of four bodies revolving round one of the principal planets 
of the solar system, exhibited a heautifid illustration of the moon’s motion 
round the earth, and furnished an ai'guinent of overwhelming force in 
favour of the Copernicaii theory- The announcement of this fact pointed 
out also the long vista of similar discoveries which have continued from 
time to time down to the present day to enrich the solar system, aixd to 
shed a lustre on the science of astronomy. Jn more recent times the 
physical theory of Jupiter and liis attendants has supplied evidence of the 
most varied and satisfactory character in favmur of the 25Tittcip]e of Uni- 
vei^sal Gravitation. All the irregularities which arise from the mutual 
action of the larger bodies of the system are here exhibited in miniature. 
Their stud^^ also offers peculiar advantages to the mathematician, for, as 
they generally pass through all their values in short ^^oi-dods, their real 
character is readily ajD^Dveciable, and on this account they are eminently 
favoui'able for testing the conclusions of his theory. Nor is it merely in 
its relation to s^^eculative science that the discovery of Jupiter’s satellites 
is to be regarded as of ca^jital inij)ortance- The eclipses of these bodies 
soon suggested a new solution of the great problem of the longitude. 
Their theory thus came to be associated with one of those questions 
which most deeply affect the progress of civilization—the promotion of 
mutual intercourse between the various nations of mankind,—and a more 
earnest and more generally diffused interest was naturally felt in the re¬ 
searches connected with its imj)roYeiiient. 

When Galileo first turned his telescope to the planets, he was delighted 
to perceive that they exhibited a round appearance like the sun or moon. 
Jujjiter presented a disc of considerable magnitude, but in no other re- 
S 2 )ect was he distinguishable from the rest of the superior planets. 
Having, however, examined him with a new telescoj)© of superior 2 ">ower on 
the 7th January, 1010, his attention was soon drawn to three small but 
very bright stars that ajjpeared in his vicinity, two on the east side and 
one on the west side of him. He imagined them to he three fixed stars, 
and still there was something in their apy)eaiunce which excited his ad¬ 
miration- They Avere all dis^oosed in a right line jDarallel to the plane of 
the eclip)tic, and were brighter than other stars of the same magnitude. 



This did not, however, induce him to alter his ojoinion that they were 
fixed stars, and therefoi’e he paid no attention to their distances from 
each other, or from the planet, Tlap^oening, by mere accident, to examine 
JajAiter again on the 8th January'•=, he wais sui'iArised to find that the 
stars were now arranged quite differently from Avhat they were when he 


* *' Cum autem die oetava, ne.=ieIo quo fato ductus, acl 10.^360(10110171 eaudem reversus 
esscm,”—Sidereus Nunciu.s, p, 20 . 
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first saw them. They were all now on the west side of the planet, and 





Were nearer to each other than they had heen on the previous evening; 
they were also disposed at eqaal distances from each other. The strange 
fact of the mutual approach of the stars did not yet strike his attention, 
hut it excited his astonishment, that Jupiter should be seen to the east of 
them all, when only the preceding night he had been seen to the west of 
two of them. He was induced, on this account, to suspect that the 
motion of the planet might be direct, contrary to the calculations of 
astronomers, and that he had got in advance of the stars by means of his 
proper motion. He therefore waited for the following night with great 
anxiety, hut his hopes were disappointed, for the heavens were on all 
sides enveloped in clouds. On the 10th he saw only two stars, and they 
were both on the east side of Jupiter. He suspected that the third 

might be concealed behind the disc of the planet. They appeared as 
before in the same right line with him, and lay in the direction of the 
zodiac. Unable to account for such changes by the motion of the planet, 
and being at the same time fully assured that he always observed the 
same stars, his doxibts now resolved themselves into admiration, and he 
found that the apparent motions should be referred to the stars them¬ 
selves and not to the planet. He therefore deemed it an object of 
paramount importance to watch them with iiicreased attention. 

On the -llth he again saw only two stars, and they were also both on 
the east 



side of Jupiter.. The more eastern one appeared nearly twice as large as 
the other, although on the previous evening he had found them almost 
equal. This fact, when considered in connexion with the constant change 
of the relative positions of the stars and the total disappearance of one 
of them, left no doubt on his mind of their real character. He therefore 
came to the conclusion, that there are in the heavens three stars revolving 
round Jupiter in the same manner as Teiius and Mercury revolve round 
the sun. On the IStli he saw three stars; two on the east side of 



Jupiter,^ and one on the west side. The third began to appear about 
three o’clock in the morning, emerging from the eastern limh of the 
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planet; it was tlieii exceedingly small, and was discernible only with 
great difficulty. On the 13tli he finally saw four stars. 'Three of them 



were on the west side of the planet, and the remaining one on the east 
side. They were all arranged in a line parallel to the ecliptic, with tho 
exception of the central star of the three western ones, which declined a 
little towards the north- They appeared of the same magnitude, and, 
though small, were veiy brilliant, shining with a nmch greater lustre than 
fixed stars of the same magnitude 

The future observations of G-alileo established beyond all doubt that 
Jupiter was attended by four satellites. He continued to examine them 
until the latter end of March, noting their configurations, and recording 
the stars which appeared in tlie same field of view with them. 

Soon after Galileo’s famous discovery, he perceived the utility of 
the satellites for finding the longitude, and he continx.ied for ixiany 
years to make observations on them, with the view of constructing a 
theory of their motions. Much has been said about his tables of tho 
satellites, which were to have been published by his friend and pupil Ri- 
mieri, hut which, by some unaccountable accident, disapjxeai’ed at the death of 
that j)erson, and could nowhere ho found, xmtil they were finally discovered 
a few years ago in a private library at Rome. We know that Galileo liim- 
self was very sanguine of their practical utility, but his opinion of their 
merits does not seem to be borne out hy the actual examination of tliem 
consequent on their rediscovery. Indeed, W'heii we reflect on tho many 
painful efforts which it cost his successors to arrive at even a tolerable 
knowledge of tlie elements of the satellites, we iriight very reasonably 
conclude, d ]}riori, that his tables can only be regarded iti the present day 
as an object of scientific curiosity. An interesting fragment of his early 
researches on tlie satellites is to he found in one of liis letters to Welser, 
the person through whom he carried on the controversy with. Scliener the 
Jesuit, relative to the discovery of the solar spots. At tho end of a letter 
dated December 1st, 1012, he gives a sketch in rough dimvings of the 
configurations of the satellites from 1st March till 7tli May of the follow 
ing year. 

Simon Mayer, the German astronomer, who contended for the inde¬ 
pendent discoveiy of the satellites, resolved to strengthen his claims hy 
the construction of tables of their motions. The crude laliours of this im¬ 
pudent pretender wei'e, however, no sooner given to tlxc world than they 
fell into deserved oblivion. Ilodierna, a Sicilian astronomer, is tlio next 
person who is mentioned as having devoted his attention to this sulject. 
In 1656 he published his observations on the satellites, accompanied 
with remarks on the theory of their motions. Tie is the first astronomer 
who pointed out the superior importance of eclipses of tlio satcdlitcs as 
compared with othei' phenomena. Tie also calculated tables of their 
motions, iTttt they are said to have been so very inaccurate, that in a few 
years they even ceased to represent the configui-ations of tlie diilerent 
bodies. In 1006 Rorelli attempted to establish a theory of tlio satellite.s. 

The preceding configurations are derived from those given by the illustrious dis¬ 
coverer in the Sidcreus Nuncius, 
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Iby means of liis own observations and those of IIodierna> but his laboui’s 
were attended with very imperfect success. 

The earliest tables which enjoyed any confidence among astronomers were 
those of Cassini, which first appeared in 1668 at Bologna. Picard, the cele¬ 
brated -French astronomer, having compared them with a number of observed 
eclipses, found them to be even more accurate than their author anticipated. 
He, in consequence, recommended him to Colbert as an astronomer, whose 
talents would he an ornament to JFrance, and, at the suggestion of that 
minister, Louis the Fourteenth invited him to his capital. Cassini, upon 
his arrival in Paris, resolved to perfect his previous researches on the 
motions of the satellites, and during many years he continued to make 
observations on their eclipses. In 1693 he published his second tables, 
w’hich far exceeded in accuracy any previous efforts of the kind. Those 
of the first satellite especially were found to represent the times of the 
eclipses with remarkable fidelity, and by means of them the longitude 
was determined with a precision hitherto unknown. In these tables the 
orbits of the four satellites were considered to be circular; they were in¬ 
clined to Jupiter’s orbit at equal angles, and tbeir nodes had all a common 
position. Cassini estimated the inclination of the orbits at 2° 5o^, and 
he fixed the nodes in 10® 14° 30' of longitude ; both of these elements 
were supposed invariable. He did not employ the equation of light in 
his tables, although at one time he was favourably disposed towards the 
hjqpotliesis of Roemer. He perceived that the successive propagation of 
light explained the irregularities in the eclipses of the first satellite when 
the earth was in different positions of her orbit; but, finding that it did 
not account in an equally satisfactory manner for the irregularities of the 
other satellites, he i-ejected it altogether, and instead of it he used in the 
tables of the first satellite an empiric equation depending on the relative 
positions of the Earth and Jupiter. Although the error in an eclipse of 
the first satellite seldom exceeded 1' of time, yet it happened occasionally 
that it rose to 5' or 6'. The inequality -which principally occasioned this 
error was certainly not easy to discovei*; but it is surprising that a similar 
inequality in the second satellite, which rises to a much greater magni¬ 
tude, should have escaped the sagacity of Cassini. He also failed to 
notice the ^Drincipal inequality in the fourth satellite, although it causes 
the times of eclipses to vary to the extent of an hour. Notwithstanding 
these defects, the tables of Cassini mark an important epoch in the 
history of the satellites, and their construction will ever remain a monument 
of the ingenuity and patience of their illustrious author. 

blaraldi T., the nephew of Cassini, also devoted much attention to the 
subject of Jupiter’s satellites. He admitted, iu common with liis relative, 
that the equation of light gave a very satisfactory account of the errors in 
the first satellite, when the earth was in different xoarts of her orbit, but 
he maintained that, if this equation was founded upon true physical 
priirciples, it should vary from the perihelion to the aphelion of Jupiter’s 
orbit, a conclusion which the observations on eclipses did not seem to him 
to "warrant. He also remarked, tbat if the errors in the times of tho 
eclipses depended upon the successive pro 2 oagatiou of light, they should 
he equal for all the satellites when the earth w^as iii the same parts of her 
orbit. It did not occur to him that other irregularities might exist in the 
motions of the satellites, and might cause the errors of eclipses to be very 
different for eacb satellite. It is true that the orbits "were supposed 
circular, and as long as astronomers entertained this belief there could 
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be no e(luation of the centre; but, as Delambre justly remarks, there 
might exist the inequality of tlxe valuation even in a circular orliit, ami, as 
long as it was neglected, it would occasion an apparent discordance 
between the several equations of light. The arguments of Maraldi were, 
however, considered by some of bis most eminent contemporaries to be 
fatal to the theory of Roemer. “ It appears then,” saj^s Fontenclle, “ tliat 
we must renounce, though perhaps with regret, the ingenious and so- 

ductive hypothesis of the successive propagation of light.How 

little prevents us from falling into great errors ! If Jupiter had but one 
satellite, or if the eccentricity had been less, and those two things are 
very possible, we should have concluded with the utmost coidltlcnco that 
light traversed the annual orbit of the earth in 14 minutes.’’ * 

Maraldi first established the important fact, that the inclination of the 
second satellite is variable. He was led to this discovery hy observing 
that the duration, of eclipses was not always the same wlien tiic satellite 
was at the same distance from the nodes, a fact of which he assured him¬ 
self by a careful comparison of a great number of eclipses. For e.xample, 
on the 91st January, 1668, when Jupiter was in tluit part of hi.s orbit 
wherein the eclipses are shortest, he found that tlio somi-durjition of 
the eclipse was I^^'ID*”; on the 17th September, 17 15, when all the 
circumstances were the same, the semi-duration was only' I'* 7‘'‘ l l*’. 
The difference amounted to 11”* 46®, and, as this quantity was too great 
to be ascribed to tlie errors of observation, lie concluded that it innst 
have proceeded from a change in some of the elements upon which 
the phenomenon depended. He remarked that tlio duration of llici 
eclipse might be modified by three distinct causes; 1st, a variation in 
the eccentricity of the satellite; 2nd, a variation in the iiuvliiintion ; 
3rd, a variation in the place of the nodes. Witli rcsjiect to iho first 
of these causes, the variation w^ould require to be enormous, in order 
that it might occasion so great a dilTerenec between I lie cclijtses; 
with respect to the second, he remarked that the dnnUioii of the 
varied even when tlie satellite was at the sumo dislaviec fi'om th<! node. 
He concluded, therefore, that the phenomenou must lx; ascribed to a 
change in the inclination of the orbit. In 1707 lie found the inclinalion 
to be equal to 8° 33'; whence it appeai’ed to liavo increased nearly a 
degree since the publication of Cassini’s tables. 

Bradley is the ne.xt astronomer whose rosearclios contributed to tlirow 
light upon this interesting subject. In 171 i) lie coustrueted laJdes of tlm 
satellites; but they were not given to the world until ITIt), when liny 
were published along witli Halley’s tabkAs of tlio plunnfs. lu these tahbfs 
the places of the satellites were given by Bradley, in dcgree.s and mimif (\s of 
sjiace ; but there were appended to them ecliptic tables of tho first sat ollito 
calculated in time by Pond, his uncle. He determined the nnain motioiiH 
with great accuracy, by means of a comparison between the observatious of 
preceding astronomers and those made by himself at Wanstoad, alder 
Jupiter had completed four revolutions. Wo have seoii that Gassiid and 
Maraldi refused to admit the equation of light; Hallow, in KV.M, nrgiu'd 
more philosophically on the subject; for he maintained tlic lux'ossity of 
^^pplyhig it to all the satellites. Bradley was tlie first, who introduced ibis 
equation into the tables of their motions. He lixod it at, the usually 
received value of 14”*, adding a smaller equation of 3.V*' (o iicconnt; for tb'o 


* Mem. Acad, dcs Scionccs, Hist. p. 80 . 
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effect of Jupiter’s eccentricrt 7 . The maximmn value whicli he assigned to 
the aberration of light would have given him 16'^ 26® =1- for the greater 
equation—a result which would have been much more conformable to 
observation than the quantity he actually employed. It is surprising that 
he should have overlooked the importance of his great discovery in furnish¬ 
ing an independent means of calculating this equation. 

The irregularities in the motions of the satellites were the cause of 
much perplexity to Bradley. The second satellite, especially, presented 
anomalies which could not be accounted for either by a circular or an 
elliptic orbit. Sometimes it deviated from its mean place to so great an ex¬ 
tent, and in so short a time, as to be incompatible with a small eccentricity; 
while, on the contrary, other observations rendered it impossible that the 
orbit should differ much from a circle. He discovered that the three 
interior satellites passed through the iri’egularities of their motions in 437 
days ; the errors returning at the close of this period in the same order 
and magnitude as before. He considered that about the middle of this 
period the inequality of the second satellite might amount to 30 or 40 
minutes. He remarked that the period of the inequalities corresponded 
to that which brought hack the satellites to the same position relatively 
to each other, and to the axis of Jupiter’s shadbw; and he hence 
inferred, with his usual sagacity, that the inequalities resulted from the 
mutual attraction of the satellites. “ While we carefullj^ attend,” says he, 
to future observations, by means of which the theory of the satellites may 
he established, ct posteriori, let us hope that some rival of the great Newton, 
relying upon the sure and tried principle of gravitation, will achieve the 
noble task of investigating d priori the effects of their mutual attraction.” 
Bradley retained the inclinations of the three interior satellites at 2^ 55', 
as fixed by Oassini; but he reduced that of the fourth to 40'. This 
was a happy alteration; Delambre’s tables make it 2° 40' 42" for the same 
epoch- He also discovered that the orbit of the fourth satellite is eccentric ; 
and he fixed the maximum value of the equation of the centre at 48™-. 

Maraldi II. devoted much of his time to researches on the satellites, and 
effected some very imp>ortant improvements in the theory of their motions. 
In a memoir, which appeared in the volume of the Academy of Sciences 
for 1T32, he proved that the inclination of the third satellite is variable ; 
and he also established the eccentricity of the fourth satellite. With 
respect to the first of these points, he found that the durations of the 
eclipses of the satellites had been continually diminishing ever since the 
year 1693. It was impossible to explain this constant diminution by aii 
eccentricity in the orbit, since the effect of such a supposition would be to 
produce sometimes a diminution ; and at other times an increase in tho 
duration of the eclipse. Nor would a motion of the nodes suffice for this 
purpose; for he shevred that the utmost change in their position which 
could possibly occur would not exceed 3°, and this would occasion a change 
of only 10® in the duration of eclipses at the limits ; whereas observa¬ 
tion shewed it to amount to 16“" 44®. Besides, upon this suppo¬ 
sition, the same variation ought to have manifested itself at the nodes as 
at the limits ; hut the duration of eclip)ses varied only to a very small 
extent when they happened in the former of those positions, Tho observ¬ 
ations, therefore, could only he reconciled together by admitting that the 

Strictly speaking, the equation is equal only to half this quantity; but in the tables 
ot the satellites the coefficients are doubled in order to render the results always additive. 
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inclmation of the orbit was continually increasing. Pie calculated the 
inclination for 1691 and 1727, and found it to be at the former of these 
epochs 3® 0' 30''’', at the latter, 12' 5". Thus it appeared to have 
increased to the extent of 11' 35" in the Space of 36 years. 

Maraldi established, in an equally satisfactory manner, the eccentricity 
of the fourth satellite, and fixed the greatest equation of the centre at 55™. 
This was a much more accurate determination than Bradley’s ; Dehimbre’s 
tables make it 65™ 28®. At the conclusion of his memoir he intimates 
a suspicion that the orbit of the first satellite wbs equally eccentric. The 
inequality in time would be eight or nine times less on. account of the 
more rapid motion of the satellite; but, in fact, the suggestion of Maraldi 
is altogether erroneous. Delainbre, notwithstanding tlie vast extent of his 
researches, was unable to discover the slightest trace of elliptioity in the 
orbit of the first satellite; which may therefore be considered as offering, 
in this respect, a feature quite singular in the system of the world. 

The astronomers of France, influenced by an undue admiration of 
Cassmi, were long ixluctant to introduce any change into the elements of 
the satellites as assigned by him in his tables. Tlie elder Maraldi finally 
mustered sufiicieut courage to emancipate bis judgment from this tliraldom, 
by amiouncing that tlie inclination of the second, siitellite is variable. 
Bradley advanced much further in liis researches ; but, by a very absurd in¬ 
stance of negligence, his discoveries were not couimuuicatod to the world until 
thirty years after he \vas in possession of them. Meanwhile, Maraldi JI. 
contributed, by his labours, to widen the breach lus father had already made 
in the theory of Cassini ; for he had just shewn that one of the orbits was 
eccentric, and that the inclination of another was valuable. Fontenelle 
makes some very judicious reflections in connexion with these salutary 
innovations. “All this,” says lio, “begins to verify what we announced, 
and ill some sort predicted, in 1727, that tlie doctrine of concentric orbits, 
immov'eable nodes, and constant inclinations, possibly mighl. not exist in 
the tlieory of the satellites ; they wore not physical (niongh in their 
character, nor did they jircsent that kind of reguhirity wliich natiiro loves 
to follow. Already we see tlic constancy of tlie inclina,lions destroyed in 
the three first sjitellites, and the concentricity in the fonrt.li. Tlie immo¬ 
bility of the nodes still liolds out; but it, is very jirobuhlo iliat in the end 
all will share the same fate.” 


The same feeling of excessive veneratiou of Cassini to wliicli we have 
having. 


just alluded, as having, in some degree, retarded the tlieory of the 
satellites, also induced the successors, and especially tlie more immodiato 
relatives of that astronomer, to refuse introducing into llio tables of t.ho 
satellites the equation dej^^iending on the successive propagation of light. 
Maraldi 11., in the outset of his career, imitated t.ho oxani})lo of all the 
members of liis lamily, hy strenuously opposing the iiigoirioiis theory of 
lloemer. Bradley, however, having disjielled all doubts upon this ques¬ 
tion hy his discovery of aberration, Maraldi no longer persevered in 
rejecting tlio equation of light ; and, in a memoir published by liiin iii 
1741, he shewed that it explained much of the irregularity oliservaldo in 
the motion of the third satellite. 

In 1740 Wargentin, a Swedish astronomer, puhlislied tahles of tlupiter’s 
satellites, wliieh far exceeded in accui-jicy any that; had yet appeared. 
This meritorious individual devoted liis wliolo life to research os oii tlio 


* Mem. Acad, des Sciences, 1732, Hist. p. 85. 
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motions of these interesting todies ; and the success ■which attended his 
labours affords an encouraging illustration of the valuable results \yhich 
may be achieved a mind, even although gifted with no oxtraordinaiy 
powers, when its whole energies'*'are perseveringly directed to any specific 
object. Having collected together all the observations which could be con¬ 
sidered as worthy of any confidence, he instituted a careful comparison be¬ 
tween them; and in this manner he was led to form a number of empiric 
equations, which enabled him to represent the motions of the satellites yvith 
wonderful accuracy. He applied the equation of light to all the satellites ; 
but he judiciously profited by Bradley’s discovery in fixing its maximum 
value at 16“^ 25^ instead of 14™, the quanthy that had been originally 
suggested by tlie errors in the eclipses of the first satellite. The tables of 
the first satellite, constructed severally by Cassini and Pond, although they 
generally represented the times of eclipses with great precision, yet 
happened occasionally to be 6 or 7 minutes in error. Wargentin applied 
an. equation of 3™ 40® 'svith a period of 437^ 19^' 41™, and by this means 
he reduced tlie error to 1™. The irregularities of the second satellite w^ere 
much more considerable than those of the first, and liad very much 
perplexed astronomers. 'Wargentin almost entirely removed these anoma¬ 
lies by applying an equation of 16^™ with a period equal to that of the 
equation of the first satellite. We have seen that Bradley had already 
detected these inequalities ; but, as bis remarks \vere not published until 
1749, the merit of independent discovery cannot be withheld from the 
Swedish astronomer. 

In 1759 there appeared, in Lalande’s astronomy, an improved edition of 
"Wai-gentin’s tables of the satellites. The most important change was 
made in the tables of the third satellite. Maraldi had already suspected 
that the orbit 'U'as eccentric ; but he did not attempt to estimate the 
equation of the centre. "SYargentm, whose vie'ws were directed solely 
towards the perfection of the tables, attempted to satisfy the observed 
irregularities of the satellite by means of an empiric equation of 8™, the 
period of which he estimated at 12 years. In 1771 lie published in tlie 
Hautical Almanack a new edition of the tables of tins satellite. Instead 
of the equation of 8™, which his tables of 1750 contained, he now employed 
three different equations. One of these was equal to 2™ 30®, and had 
a period of 437*^ lO"^ 41™, similarly to the equations of the first and second 
satellites- The others amounted to 4™ 30® and 2™ 30«; the pieriod of the 
greater equation being somewhat more than 1 years, and that of the 
smaller one being nearly 14 years. Speaking of the inequalities which 
formed the basis of these two equations, he says that, towards the close of 
the preceding century and the beginning of the current one, they both con¬ 
spired in the same direction, and formed one large inequality of 15 or 1 (> 
minutes. Subsequently, in consequence of tlie difference of thoir periods, 
the one had been accelerating, while the other was retarding, the satellite ; 
until at length they almost destroyed each other, and it became possible to 
omit them altogether by merely adding 7™ to the epoch. He confesses 
that his hypothesis does not posesss the character of probability; but he 
considers that it may be admitted until experience should put astronomers 
in possession of a more accurate mode of reconciling all the observations =:• 
He concludes with the remark, that, perhaps, tlie orbit might somehow 
have a variable eccentricity, and, in that case, that the two inequal itio.s 

* Tabuloe Novae Terfii Satellitis Jovis, bond., 1779, p. 12. 
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iniglit in reality be only one. He subsecjnently adopted this liypotbesis as 
offering the best explanation of the phenomenon. 

In 1781 he Yrrote to Lalande, stating that recent observations induced him 
to suppose there was only one inequality, with a period of about thirteen 
years. This inequality amounted to 7^"^ between 1070 and 1720. From 
1720 to 1760 it had diminished to 2-F^, and it had remained constant during 
the succeeding twenty years -i'. This was not a happy modification of the 
original idea.of two independent equations. Lagrange and Laplace have 
demonstrated, d pr/orf, the existence of two distinct eqi.i.ations of the 
centre, in the motion of this satellite, and this remarkable result of pure 
theory has been confirmed in the most satisfactory manner by the 
lahox'ious researches of Delamhre. 

Very little jjrogress had been made by astronomers in the researches 
relative to the nodes of the satellites. In 1758 Maraldi invested this 
subject with a lively interest by the communication of a memoir to the 
Academy of Sciences, in which he announced that the nodes of the fourth 
satellite had a direct motion upon the plane of Jupiter’s orbit. Newton, 
by considering the action of the suii upon the satellite, had found tlie 
motion to be retrograde, as in the case of tlio mooii’s nodes relative to 
the earth’s orbit. Wargentin concurred with Maraldi in supposing that 
the motion was direct, and he fi.ved its annual value at 4/ 15'''. This 
unexpected fact seemed to he at variance with the theory of gravitation, 
for Newton and his followers had shewn that tlie mean effect of a 
disturbing force was to occasion a retrograde motion of the nodes on the 
plane of the disturbing hod 3 ^ Lalaiide, liowever, shewed that tlie motion 
of the nodes might be direct U 2 -)on one plane and retrograde upon another, 
and upon this ground lie contended that, unless the p)rincipal disturbing force 
j)assed through the i^laiie of ,Iuj)iten’’s orbit, the motion would not be ncccs- 
sarily retrograde. Now, in the present case, the third satellite exercises a 
much more jiowerful iiillueiice on (lie inolion of the no<lcs tlian the snii does, 
and the same is true of tlie cllipticity of .liqiitor. However, as neither 
the 2^1ane in which the satellite revolves, nor the plane of tlio planet’s 
equator, coincides with the piano of the planet’s orbit, it followed ibal, the 
direct motion of the nodes on tlie latter plane could not bo considered as 
invalidating the theory of gravitation. 

The inclinations of the orbits jiresented great difficulties to astronomers, 
and formed the subject of much laborious research. Wo have seen tliafc 
the elder JMaraldi first discovered that the inclination of the second 
satellite is Aaniable. Wargentin afterwards found that during fifteen 
years and a half the inclination continually increased, and that it then 
diminished by lilce degrees during ot.lier fifteen years and a lialf f. The 
whole 23eriod of variation was tlierefore equal to about tliirty-one years. 
He fixed the extreme limits of the inclination at 3° 47' and 1° 18'. Sub¬ 
sequently he made the greatest inclination 3° 4.()', and the least 2° 40'. 
In 1765 Maraldi published a memoir, in which he shewed that the 
inequa,lities in the dui'ation of eclipses could not he ex^dained liy tlio 
periodic change of the inclination. Proceeding on the suiijiosil.ioii lliat 
the nodes were fixed, he calculated the inclination for two eclipses, oh 
served in 1714 and 1715, and he found that, during tlie eleven months 
embraced between them, it had increased to the extent of 20', or more 
than a fourth of the whole periodic variation. Jly a Hiinilat' process he 

* Lalando, Traifc d’Astronomic, tome iii. p. 145, 
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found that, during thirteen months which elapsed between two eclipses, 
observed in 1750 and 1751, the inclination presented a diminution of 
18' 2S0". These great changes,occurred in such brief intervals, that it 
■was impossible they could have proceeded from the periodic variation of 
the inclination. Ddaraldi finally discovered that the observations might 
be reconciled with the generally received theory of the inclination, by 
supposing the nodes to librate continually on each side of their mean place 
to the extent of 10° 13' 48", the period of libration being equal to that 
which restored the same values of the inclination. Having compared this 
hypothesis with observation, he was gratified to find that a remarkable 
accordance generally prevailed between the results derived from both 
sources. Among 127 eclipses which he calculated, the difference between 
the observed and computed durations did not exceed 2'", except in one 
instance ; and only 8 were found in which the difference exceeded 

Bailly shewed that the libration of the nodes proceeded from their 
retrograde motion on the orbit of the first satellite, which was in this case 
the principal disturbing body. He also remarked that the inclination was 
constant with respect to the orbit of this satellite, and that it "was variable 
with resx^ect to Jupiter’s orhit, in consequence of the retrograde motion of 
the nodes upon the former orbit. This explained the coincidence of the pe¬ 
riod of libration with that which restored the inclination to the samo value. 

When we consider the complicated character of the pheiiomenon in¬ 
vestigated by Maraldi, his explanation of it must be regarded as one of the 
most ingenioiTS conceptions' which mere observation has ever suggested to 
the astronomer. Laplace has employed this libration of the nodes as ono 
of the data from which he derived the masses of the satellites. Wargentin 
published tables of the second satellite for the Nautical Almanack for 
1779 ; the most remarkable peculiarity of which was the libratory motion 
of the nodes, which he admits to have been first suggested by Maraldi. * 

The period in which the inclination of the third satellite passed through 
all its values was much longer than the corresponding period of the second 
satellite. Maraldi had found that during the current century it Inul been 
continually increasing. In 1763 he fixed it at 3° 25' 41". Tliis indi¬ 
cated an increase of 22' since the publication of Cassini’s tables. In I 769 
he discovered tliat the inclination was only 3° 23' 33". Pursuing liis 
researches, he found that the inclination readied its maximum in the yoar.s 
1633 and 1765, and its minimum in 1090. Hence it followed that the incli¬ 
nation increased during 06 years, and then diniiihslied during an equal 
space of time ; the whole variation being consequently comprised within a 
period of 132 years. Maraldi also fixed the mean place of tlio nodes in 
10^ 13° 62', and estimated the extent of libration at 1° 32' 24" f. 

The inclination of the fourth satellite had long been considcrod in¬ 
variable. We have seen that Bradley estimated it at 2° 42'. Wargentin, 
in 1750, made it 2° 30', and Maraldi, in 1758, made it 2° 30'. In 1781 
Wargentin concluded from his researches that during a few j)receding 
years the inclination had been slowly increasing. This opinion has been 
confirmed by the observations of subsequent astronomers, who have found 
that the increase of inclination has been going on down to the present day. 

Bailly, before becoming acquainted with the researches of Wargentin, 
made the following sagacious remark upon this subject in his History of 
Astronomy—“The inclination of the fourth satellite has not hitherto 

* Metn. Acad, des Sciences, 1768. Ibid. 1769. 
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appeared to vary sensibly; but it %viU vary, for every tiling in tlio 11111 verso 
is subject to fixed laws; and tlie same circumstances alivays reprodut^o ibo 
same phenomena. We perceive merely tdiat the period of the incliimtion 
must be very long and must extend to sei^i'al centuries.” 

This prediction has been verified by the physical researches of laijilMce, 
who has found that the nodes have an annual retrograde rnnfion of 
4/ 32'' upon a fixed plane, accomplishing a coniploto revohdion in otOi 
years. It is this revolution of the nodes ivhich occasions a variat ion of an 
equal period in the inclination of the satellite. 


CHAPTER YIIl. 

Physical Theory of the Satellites.—Newton.—Euler. — Walinsley.—liailly <*omputcs ifu* 
Perturbations of the Satellites.—Researches of Laaraiifje.—He obtains for t'ach 
foul Ecjuations of the Oentre and four Ef(uati<iiis ol H;i(if—Ilis iinnh* <>f 
sentin^ the Positions of tlie Orbits.— Inutilily' of iiis 'I li(*<n*y in ilii» C ion (»f 

Tables-Laplace-His Explanation of the constant K’claliotis betwiM-n tlio I-!|ioohH 

and Mean Motions of the three interior Salellit<-s.— lie coniplelcs (ho IMiysical 'ni<*orv 
of the Satellites.'—Delambre. — He calculates lAbles on the Basis of l^a])I;u’i*'H 'rin'orv*. 
— He deteiniines the Maximum Value of Aberration by means of the I'ii'iijiso:. f»f llto 
fiist Satellite, Agreement of his Result with lJradley’.s—(Joneliisions dcrivalili! li'oni if. 

After much laborious observation and research, tlie tftcm’y of (lie 
satellites was now sufficiently matured to form tlic Ifasis of an oxplaitfyiou 
of their motions by the principle of universal gravitalion. It is woriliv of 
remark, that this is the order in wliicli iho various In-fimdn's of jist lamoiiiv 
have advanced towards tlieir jiresent high static of norf'cliun 'I’ho 
phenomena were first observed, and all Iho <lot).,iIs ivlai ii,..- them 

carefidly recorded. They wore tlam sul.inhlod to a m il i.-nl ilis.-u.. d..,, 
and, by a sagacious diserivninjil.ion of their several peeol iarii ies il,.v ueiv 
grouped together under geuora .1 la,ws. Imnally ih<-.s<, laws, alilaa’nd. al lir a 
merely empiric, served the valtia.ble jairposo of suggi'sl in-/ ihe idiv deal 
prmcij)les on which they depoiided ; and when one<i'’t his ilependa ne’e wa i 
11 y established, they hencolorward assmne.d Mio nior<^ (devah'd clmr/ieier 

bito « i^speeially manifest, in the 

history of the_ lunar theory. A similar enurse has also Ims-m sir.oedv 

‘l'<> purpose, of e.Mending our kiiou le.le'e 
of the iides, and, mdoed, it ma.y bo eonsKhned as olfering (he .ady inenii j 
of ever conducting philosophers to a e<anphao ( hi^ory of t luit ‘ suld.-et 
founded upon rigorous principles of geometry and pliy,si<'s. 

It we only considered the disturliing action of the si'm upon (he satellites 
the derangements m their motions would be in all re.s|)ecls jiimlngiMis (/. 
those in the motion ot the moon; and tlio analysis employed in tin’ lm 

n investigafion. Vn l^e p" 

nowevei, the problem is much more complieatful 
disturbed, not only by the sun, but liy the otlnw (hiv 
ol every synodic revolution round tlie central body 
only sources of complication. If Jupitei- weni a. perfec'i sr 
would be the same, both in quantity and dirccl ion, as if 1 
collected at his centre; and tlie question rchitivc (o hi 

* Bailly, IJi.st, Ast. , tome iii. p. JH.-jl. 
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n-.- -.T I T ^ri m’mT^le consideration of a- material particle 

satellite would be reduced to _er is not the real ctiso of 

attracting the body at that pomt tXnot is tli.tt of au 

nature; for observation shews tiiat , „earlv^as i:* to l-i- 'J.'liis 

oblate spheroid, whose “i®® *® atteaotimi to devUvto fi'om tho ii.vcrso 

circumstance causes tlie law oi ins attiacuo fnreo 

scjuare of the distance, and hence origma es a chstuibiHo ioi'-O 

powerfully deranges the motions of the sate le^s. aisturbinK 

ISiew’ton, m the third book of the iiiuoipm, co n.-HAi'niino Pm 

action of the sun upon Jupiter’s sateHites, and attempots^ 
inequalities of their motions by the principles of t t uiiai - • ^ 

maSner he found that the nodes of the/oiirtli satelli te i 

motion upon the plane of Jupiter’s orbit, the annual qi-iai 
amounted to 5'^^ We have seen that this ^ _ 

dieted by observation; the actual motion having Ijocii c isci - „ 

astronomers to be direct. The phenomenon in question Id 

depend so much upon the sun as upon the third satellite tin cl t lo o ^ / I ^ 
of Jupiter; causes of disturbance which were not takexY into atcoii >y 

x^ewton. ™ I 

Euler, in .1748, first remarked that the spheroidal ^ .Miphcr 

would occasion an irregularity in the law of his attraction ‘I'- vValiiii^ oy, in 
1758t, shewed that the disturbance hence arising would pn'oduco ft luuliou 
of the nodes and apsides of each satellite. In 1703 Eiilei* coininiuu<*a,tc;<l a 
memoir to the Academy of Berlin, in which ho examined tlio j^^B'tiivlntt.ioiis 
of a satellite revolving round a planet of a spheroidal figiiro.^ Ho Hliewcd 
that when the satellite revolved in the jilane of the p>lanet’s equator thfs 
action of the protuberant matter generally occasioned a progressive motitm 
of the apsides. As the orbit of the satellite became more inclined to tins 
plane, the motion of the apsides continually dimmisluecl, and it <'<'asfd 
altogether when the angle of inclination was equal to 5-4:° Eroio this 

position the motion of the apsides was regressive, anti it continu<*d 
increase until the orbit of the satellite was perpoeudicnlar to the piltmo of 
the equator. 

Bailly?, about the same time, employed Claiimit’s tlicorv t)f tho inuou 
in resemches on the perturbations of the satellites. IXe tli.'scoverotl, by a 
simple analysis, that the mutual attraction of the three iiitorior sat<dliles 
occasioned those inequalities in their motions whic-h pi'ocliiccd a ri'gnlur 
return of their eclipses at the end of 437 days, W'^o liavc scoui that. 
Bradley was the first astronomer who threw out a suspioioii of thi.s hu’t. 
These inequalities are precisely analogous to the lunar r^trir/ flo/i, th<? only 
cliflerence being, that the disturbing body is in each caso oiio of tho salted- 
iiies themselves, atid not the sun. In the theory of tlio ilrst saiti'llito 
tue principal disturbing body is the second, for the exterior* «:it(dli(.o.s: .uro 
too reunite to exercise any sensible influence, and tho cHtect of Jupaiti'r’s 
eliipticity is equally inappreciable, because the orbit of hlio satelli(<'> is 
situated in tlie plane of his equator, and at the same tiriio docs not. pos- 
eccentricity. It is clear, then, that by comparing t.lro cooflu‘i<ml. 
or the equation furaished by theory with the magnitude .of tdio inequality. 


Hr?’ Newton, in the same proposition, makes tin*; in¬ 
to the lunar disturbing action of tlie sun, and, siuiilur 

I PhA Saturne. Prix de PAendemie, tome vii. 


S ti rn at Paris m 1736 ; perished by the guillotine in 1703. 
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as assigned by observation, the mass of the s('<“oji(l satellite^ niay he reiulilY 
determined. In this manner Bailly found it to be cijuid to 
Juxhter’s mass being supposed equal to unity. 'I'liis was a lnb*rahl«* aj). 
proximation to the true value. Ilaplace inak(-\s the mass lajual (o o.Ui HaeiM'j. 

The inequality of the second satellite is essiMiti.nlly a mere e»imph 
phenomenon than that of tlie first, for it depmids on tlu' eomhintsl aoiiMii 
of the first and third satellites. Tti form, ho\V(’ver, the (mt intspsulifo , 
are precisely similar, the effects of the disturbing botiioH in (he tbrerv <»f 
the second satellite being blended together so as to f trm one great ijo gtia 
lity, governed by the same law, and extending over the same |HTi»*d a i 
the inequality of the first satellite. This singtilar efdneidenee tleri\.« v i? . 
origin from two remarkable relatioiis, ctmneeting together tlie mean len 
gitndes and mean motions of the three interior .satellites. f bully f anei 
that the equation of sensible magniinde, dcptniding tni tin* net inn of t b*' 
first satellite, is expressed by the sine of tlie dillerenee Is'tween tite nn’’a.ii 
longitudes of the first and socirtid, and that tlm equal iun <if n dmibir 
nature, dejicndiiig on tlio action of the third sat<dlite, i , <'\pre . ,e.l bv the 
sine of twice the dilforenco bct,\v(*en tin* iiif.-m loii<<iftab-. tin* fbnl 
and second-. Now, observation showed (bnl. (lioso two or.-. 


from 180 ° by only a very small quantify. Wargou I i ii'; tabb m fnf, 
suppose the difference to be ctpial only to :»<)' ni fin* .-Mmue n« . no nf 
of the year 17 00 . '.rho arcs bring thorrfore man ly ^ np|ib no nf .ii \ n. 
each other, it followed tliat their simvs w<*ro o.{uah ami in to o Itidf', 
was enabled to comliino the two equations togefbor. by nsoroly addnu?* 
their coefficients and retaining eilbeigof the ar<pnm'ni .i, If j * in . j-n 
sequence of this union of the cifccts <.f the two disturbing ‘.inidln* , fbaf 
the inequality of the ser'oiid sali'Ilif.* <‘\o(‘r(ls so mnob lb.' < m 

equalities in lougitilde of the first and lliii-il. 

The derangements ])ro(luei'd by lb.- (wo dis(nrl.in.<; sat. lib, , b. ing llm. 
conf ounded tog< * (1 u *i, i ( w ;i s 11 n j m >s,s 1 1.1 < * (i > pr< >n< > n 11 < -■ - i j i < v. 11 i t j■ I j • f ? i i 
resulting inequality was dm. i.. oEO'b saloHif,-; b. n. M m ..i ’. ,• 


>1 lir-l 

■ ill! 

.h M ' I U ! t 1 ( i „. 

ailiv 

■ r.r], 

1 11 ■* 1 111 r 1 1 i r. 

llitr 

. 1 

In * }dt«' Ih' ijur' 

Ilit. 

a 

nd h I . : a i!|'o ■11 

1 npii 

r r. 

1 l.i \ lltyf h irt 

y ol' 

(hr 

phuMi , f i;ul 

dm 

pim 

"i” * d* f Ilf' ly c: 1, 

M 1 M f 

h OK 

} M * * d d 1 ii ;n y ' J i 

( 

1 1 u 1 u 

iUHd' ^ h-. dm n 


hi* 1 

Ifd r 4 ill 

n fin* 

1IV i i 



.... V * A ^ . 4 , y . m I » , 1 » 4 11 tilt" I M t ’ I \ < 1 

due to the action of (be (wo satollitc;;. 


’f-Vr ’ . ; Ifu' <nsninim.f ImmIv, tli,. a i,,, J, 

tlicj ditlercncti iKavvecr^ nican loiigUmioN j^r.-afJy ox.-ortb ii!l flir .4}.. 
Other hand, when the^ third 8 a.(<»ltilc in the <.lihltirhhi|,r iHid'V’i the finr.i tyru 
that depending on (wice the dilTei'euef* In'tyveen tlie mrau Inenteti. ‘i } 
of these terms arises from the fuel, tlmt (vvio,. the m.-au in.mi.n of i},.- ■. 
very nearly equal to (ho nuam motion f|„. (i,st, fui,-.- ih.- . n 

third satellite is very nearly equal to the mean moti,.u ,.| ih.- . 'i 

IS, indeed, exactly .similar to that ivliieh kiv.vs iIm* ir, U j, ni< - 

.‘^atiirii, or to (In' aiialofO'Us iiifoiiilii v in tin iC, . i'.; j 

Ihe mequalilies of tlio satellit.'s .litf.-r. lioyv.-v. (,..,0 nf, V , 

}H;ndeut ot Ilur fcccmlrieitic'.s. 'riicir invo ii.'.iti.iu n ill ti<- I . 
Astionqiny, eli.-i|it(>r xx. J‘’<'r (he more intricate fait .<1 rie ih, , 

Mecamque C- leste, hv. viii. ; also .Mrs. .Soniery iiU ’;, ,Mc. h,;,;, . g, j j | 
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tlie disturbing satellites; but tbe results lie obtained in this instance 
were by no means so accurate as his estimation of the mass of the second 
satellite. 

While Bailly was engaged in these researches, the Academy of Sci¬ 
ences offered their prize of 1766 for an investigation of the inequalities 
of the satellites. The successful competitor was Lagrange, who trans¬ 
mitted to the Academy a magnificent memoir on the subject. This illus¬ 
trious geometer grappled with the real diffiiculties of the problem, which 
it must be acknowledged that Bailly left untouched. When the orbits of 
the satellites are supposed to be circular, and their planes to be all coin¬ 
cident, the effects of their mutual attraction may be computed in any in¬ 
stance by considering in succession the action of each body upon the dis¬ 
turbed satellite. For this purpose the method of approximation employed 
in the lunar theory is amply sufficient, and by means of it the inequalities, 
independent of the eccentricities and inclinations, may be easily calcu¬ 
lated. But when the actual conditions “of the orbits are taken into ac¬ 
count, the mutual perturbations of tbe satellites become so entangled 
together as to render the ordinary method of integration totally inappli¬ 
cable, and it becomes absolutely necessary to devise some adequate means 
of surmounting tbe difficulties of tlie problem. This important step was 
accomplished by Lagrange, who investigated the inequalities of each 
satellite by a method which embraced the simultaneous actions of the 
sun and the other three satellites, as well as the disturbance arising from 
the oblate figure of Jupiter, This comprehensive mode of treating the sub¬ 
ject entailed upon him an extent of analytical research which, to use 
Delambre’s words'^, it is somewhat frightful to contemplate. Neglecting 
first the eccentricities and inclinations, he found for each of the three 
interior satellites an inequality in longitude of 437 days, corresponding 
to the inequality which Bradley and Wargentin originally derived fi-om 
observation. We have already mentioned that Bailly succeeded in com¬ 
puting these inequalities by the aid of Clairaut’s theory. Lagrange also 
calculated the value of the analogous inequality of the fourth satellite, hut 
he found it to he insensible. Delambre’s tables, in fiict, make it only ll^. 

Considering next, the inequalities dependent on the eccontricit.ics, ho 
obtained four equations of the centre for each satellite. One of tbeso 
depended on the satellite’s owni eccentricity, the other three wore the 
reflected effects of the eccentricities of .the disturbing satellites. He did not 
determine the maximum values of these equations, nor did he perceive tho 
analogy between those of tbe third satellite and tbe tw'o equations of tbo 
centre, which Wargentin. deduced from observation. This is only one of 
a number of instances in which this great genius failed to derive any 
substantial results from his brilliant researches. 

Finally, he investigated the effects of the disturbing forces perpendicu¬ 
lar to the planes of the orbits, and obtained for each satellite four equations 
of latitude similar to the four equations of the centre, to which hi.s re¬ 
searches on the motion in longitude conducted him. He represented the 
position of the orbit of each satellite by means of four planes passiufr 
through the centre of Jupiter. The first'of these revolved upon the orbit 
of the planet with a constant inclination; the second revolved in a similar 
manner upon the first; the third upon the second ; and finally the fourth, 


* “ Une analyse nouvelle, puissante, et dont les developpemens ont quelque chose 
d’effrayant.” Astronomie Th6orique et Pratique, tome iii. p. 498. 
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wliicli was the orhit of tlie satellite, revolved with a constant inclination 
upon the third. 

Lagrange did not prosecute his researches to the full extent of his de¬ 
sign : he concluded by announcing his intention of resuming the subject 
on some future occasion. He did not, however, at any period of his life, 
realize this promise; it was reserved for Laplace to establish a coiuplete 
theory of the satellites by developing the views of his great rival, and en¬ 
riching them with several valuable discoveries of his own. An important 
mistake was committed hy Lagrange, in assuming that the plane of Jupi¬ 
ter’s equator coincided with the plane of his orbit. lie was aware that 
the two planes did not exactly coincide, but he conceived that the angle 
of inclination was so small that the disturbing efiect would be insensible. 
Laplace, however, has shewn that some of the moat remarkable pheno¬ 
mena connected with the motions of the satellites derive their existence 
from this circumstance. 


The researches of Lagrange did not in any degree contribute to the 
perfection of the tables of the satellites; but, as we have already men¬ 
tioned, they afforded some vahialile hints to his illustrious contemporary. 
Just before he communicated his memoir to the Academy, Jhiilly published 
his researches in a treatise entitled “ aiir hi Theone den SateUiteH 

de Jupiter.'" He, with good reason, sns])ected tliat Lagrange might fin- 
ticipate him in his discoveries, and lie took the precaution of securing his 
own rights by a timely publication of liis labours. 

In 1784 Laplace communirated a memoir to the Academy of Sciences, 
in which he explained the physical origin of two remarkable relations 
which connect the three interior satellites. Astronomers liad discovered 
from observation that the mean niotion of tlie first sjitollite wjis nostrly 
double that of the second, and that the incan inotion of the second satel¬ 
lite was nearly double tliat of the tliird. I t lionce followed that, the mean 
motion of the llrst satellite, plus twice tliat of tlai I bird, was nearly equal 
to three times tliat of tho second. Another i-clation no loss int.ei-e.st.ing 
Avas the following:—the moan longitude of tlio lirst satidlite, jilus twieo 
the mean longitude of tlio third, minus tlirei'. times the mca.n longitmlo of 
the second, was alwa.ys nearly equal to hso". 'Phis i.s a direct (*7)1180- 
qucnco of the relation between the moa,u longit.iuh.^s to whicli wo liavo 
already referred, w'hen sjieaking of tlio iiaapiaJity in longitude of t.lio 
second satollito. 


If tlie preeeding ndations hc'tweon tlio niean niothnis and moan lon¬ 
gitudes were rigorous, it would follow as a, nocoHsary coiisoijucnco that the 
tlireo satellites could never ho ('(‘lipsed a,t once. Now, it was 1‘ound tliat 
the tabular values of the elements in (|ucslion very nearly satistied tins 
condition. 'J'lnis, by euijiloying the longitudes and rneaii motions of VVar- 
gentin, and set,ting out from tho ciioeh of lus tables, it lia,s been calcu¬ 
lated that simultaneous eclipses of the tliree satellites cannot take jihirc 
before the lapse of 1,817,1)00 years'tg and a difference of only a third of 
l/^ in the annual motion of the second satellite would siiHice to reader 
tins phenomenon for ever irnpossihle. 

I;apla(!C suspected that hotli rchitions were rigorous, and that the snaill 
differences wliieli appeared to t^.^ist were really at I rihutsihle to errors of 
observation. Ho ihcreforo institulial a, searching cxaminiilinn into (ho 
theory of the satellites, in hopes of discoN cring the sourcf* of (lieso singular 


* .'Veta. Soc. rTps.'iI. 1718, [). ■I I. 
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relations, in tlie mutual attraction of the bodies. In this scrutiny he 
was not disappointed, having found their physical origin among the 
terms involving the squares of the disturbing forces. It appeared, then, 
fi.’om his researches, 1°, that the mean motion of the first satellite, plus 
twice the mean motion of the third, minus three times the mean motion 
of the second, is ngorously equal to zero; 2°, that the mean longitude 
of the first satellite, twice the mean longitude of the third, minus 

three times the mean longitude of the second, is equal to 180". 
Delambre’s researches afforded a most satisfactory confirmation of these 
results. By comparing together a vast number of eclij)ses, that astronomer 
found that the relation between tbe mean motions differed from zero 
by only O^'.OOT, and that at midnight, on January 1st, 1750, the relation 
between the mean longitudes differed from ISO"^ by only 1'3'''. It is not 
necessary to suppose that, at the origin of their movements, the satellites 
were so disposed as to satisfy accurately the above-mentioned relations 
betvreen the epochs and mean motions. Laplace shewed that, provided 
the relations were true within certain limits, the mutual attraction of the 
satellites would subsequently render them rigorous In this case, the 
mean longitude of the first satellite, pins twice the mean longitude of the 
third, minus three times the mean longitude of the second, would oscillate 
round 180'’ as a mean value. The three satellites participate in this 
oscillation ; each satellite being affected to an extent depending on its 
mass, and its distance from Jupiter’s centre. This phenomenon, in virtue 
of which the three bodies appear to balance each other by their move¬ 
ments, has been denominated by Laplace the Uhration of the satellites. 
The period of libration is the same for each satellite, and is equal to 2270'^ 
18^^ or a little more thau six years. Its extent, and the time when 
it is equal to zero, are two elements which can only be determined by 
observation. Delambre was unable to discover aiiy traces of a libmtory 
motion of this kind, notwithstanding the vast number of eclipses which 
he examined in the course of his researches for the purpose of deterniiniiig 
the elements of Laplace’s theory. It is clear, then, that if such a pheno¬ 
menon does actually exist, it must be altogether insigiiificaut; and 
therefore \ve may conclude that the above relation between the mean 
longitudes does not at any time differ sensibly from 180". 

As far then as observation indicates, the above-mentioned relations aro 
rigorously true. In this case Laplace’s researches tend to shew that they 
are also in a state of stable equilibrium, any disturbing force, which does 
not exceed a certain limit, merely occasioning oscillations of the mean 
motions and epochs on each side of a mean state. This condition of 
stability will for ever prevent the inequality of the second satellite from 
being resolved into its constituent inequalities depending on tlie action of 
the first and third satellites, as is evident from our explanation of the 


* It has been frequently asserted in favour of the actual existence of those librations, 
that it is extremely improbable the relations between the epochs and noean motions should 
have been, at tbe origin, rigorously true. This argument might be admitted, if the 
arrangements of the planetary system were the result of a fortuitous combination of 
circumstances ; but since there exist so unequivocal manifestations of a Supreme Intelli¬ 
gence presiding over them, it savours much less of sound philosophy than of impious 
presumption- ^ The mathematician, in his chamber, may modify, ad libitum, the arbitrary 
constants of his problems so long as he confines his speculations to ideal existences ; bUt 
when he proceeds to apply his principles^ to the material universe, he must accept the 
constants which nature offers to him, without hazarding any opinion respecting*" their 
original condition. ° 
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circumstances whicla determine tlie complete union of tliose inequalities. 
If the disturbing force should exceed the prescribed limits of stability, a li- 
bratory motion would cease to take place, and the two inequalities of the 
second satellite would then separate, and would henceforward continue 
quite distinct. 

The permanent character of the relations discovered by Laplace is one 
of their most striking peculiarities. They are not altered l)y any secular 
inequalities in the mean motions, for these will he so determined by the 
mutual attraction of the satellites, that the secular inequality of the first 
satellite, plus twice that of the third, minus three times that of the 
second, shall be always equal to' zero. They are equally independent of 
the effects of a resisting medium, for the accelerations of the satellites, 
while descending towards the planet, will always maintain the same 
relation as that which connects the mean motions. Laplace shewed tlmt 
the libration extended to the rotatory motions of the satellites The 
attraction of Jupiter, in fact, causes these movements to participate in the 
secular inequalities of the mean motions, and consequently maintains 
them always, so that the rotatory motion of the fh'St, satellite, ])lu.s twice 
that of the third, minus three times that of tlio second, is equal to zero. 

We have already mentioned it to bo a necessary eonscapnmee of llio 
relations between the epochs and mean motions, that the three interior 
satellites of Jupiter can never be eclipsed at once. In simultjinoous 
eclipses of tlie second and third the first is always in coiiiunction with 
Jupiter; it is always in opposition in simultaneous transits of tho other two. 

Althougli no libration is perceptible in the satellites, tlieir stability is 
liable to be disturbed, by an extraneous cause acting unequally u])on tlnnu ; 
as, for example, by the passage of a comet in their neighbourhood. If tho 
disturbing force was small, it would merely occasion a libratory motion 
similar to that already described ; on tbo other hmvd, if it cxcoodod the 
prescribed limit of stability, it would ponnancnlly alter tlie mean motions 
and mean longitudes of the siitell iles. In oitlior case, (bon, t.ln^ presoncoor 
the force wouhl be discoverable by means (jf its observed (^HV'cls. It. is re¬ 
markable, liowevcr, that, altliough the comet of 17(IT and 17 7U p.'is^iod 
through tlio middle of Jupiter's system, n(» cha-angcuiont was observed to 
ensue in consequence ; and ibis fact affords (‘onclusivo jiroof that the 
masses of comets an^ very smiill. 

In 1788 and 178'.) .La])laeo ]nd»lislied an elabomh'. tluan’y of tlie 
satellites in the volumes of tlio Acadeiny of iSciouri's for llioso years. 
By means of a comjirehensive analysis, which onibraced nil tlio causes 
of perturbation, he comjnited the inequalities of (ho satelliles, bo(li 
in longitude and latilnde, and obtained i-esul(s which provial of in¬ 
calculable service to tho practical aslroimmcr. .I'rom the jierf urbalioiis 
in longitude he derived four equations of the conlro, after llic exain|)le of 
Lagrange, wlio had been conduced to a similar conclusion, by bis researches 
in 17G(). Tho orbit of tbo first satellite being, according to all apjiearaiiei', 
perfectly circular, and tlio orbits of tlio second and I bird being nearly so, 
the three equations of tbc centre depending upon the dislurldiig ,sa((dli(eM 
arc generallyinsensiblG, witli tlie exception of tho one in tho third satolli(<! 

In 171.‘1 Marnldl I. conoludud, from (lu* jK'riodIfr iiiipciiraiico of ccrl.'iiii <iu tlm 

fonrtli Siilcllito, that it bud a rotatory lootion nmiul a (ixed wbicli uui (‘(joal to ilH 

motion round ils primary, as in the enso of tlio moon. '1 Ids cuiioii.s fact lias Immui 
confinned by (Iiu olisi'rvalious of siiecei'diiijr aslroiKnucrs, tmd lia.s liccu found to be 
true for all the satellites. 
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depending upon, tli© action of the fonrtli, the orbit of "which is considerably 
eccentric. The combination of this equation with the satellite’s own equation 
of the centre gives rise to a single equation of variable magnitude, which im¬ 
parts a somewhat complicated character to the motion of the satellite, and 
renders' it difficult to trace the respective sources of each inequality by the 
aid of mere observation. Laplace found from theory that the lower apsides 
of the two satellites coincided in the year 1 682 ; and, in consequence, the two 
equations combined together into one equation equal to their sum, and 
amounting to 796'^411 of space. In 1777 the lower apsis of the third 
satellite had advanced 180° before that of the fourth, and the resulting equa¬ 
tion was equal only to the difference of the two elementary equations. In this 
position it therefore only amounted to 807''.C51. These results are exactly 
conformable to those which we have seen that Wargentin and other 
astronomers had previously derived from observation. In his researches on 
the perturbations in latitude, Laplace gave a strong proof of his sagacity by 
taking into account the effect of the inclination of Jupiter’s equator to his 
orbit. We have already remarked that this important element of disturb¬ 
ance was entirely omitted by Lagrange. 

The general tendency of Jupiter’s ellipticity is to draw the satellites into 
the plane of his equator. This is clearly seen in the. actual positions of 
the orbits, which in each case deviate to a greater extent from the plane of 
the equator, according as the satellite is more remote from its primary. 
The inclinations of the orbits had occasioned much trouble to astronomers, 
chiefly in consequence of the difficulty of finding a plane of reference with 
which they might be connected by fixed relations. Laplace discovered tliat 
the orbit of each satellite revolved with a constant inclination upon a fixed 
plane contained between the planes of Jupiter’s equator and orbit, and passing 
through their common intersection. If there had been no other disturbing 
body than the sun, the fixed plane of each satellite would have been the plane 
of Jupiter’s orbit; also, if the protuberant matter around Jupiter’s equator 
alone disturbed the satellite, the fixed plane would have coincided with the 
plane of Ms equator ; and a similar result would follow if any of the other 
three satellites were the sole disturbing body. It is clear, then, that the 
actual position of the fixed plane will in each case be determined by a 
reference^ to the opposing tendencies of the five disturbing forces, and it 
will manifestly hold an intermediate place between the planes of Jupiter’s 
orbit and equator, which are the tAvo extreme planes in wliicli these 
disturbing forces act. This conclusion agrees with what %ve liave mentioned 
above, relative to Laplace’s determination of these planes. The fixed 
plane of each satellite might, therefore, be considered as the resultant 
plane of the disturbing forces; and the motion of the nodes upon it was 
accordingly found by Laplace to be retrograde, conformably with the 
general effect of a disturbing force acting continually in the plane. This 
result offered a satisfactory explanation of the curious movements of the 
nodes on the plane of Jupiter’s orbit; x)lieHomena which, when first recog¬ 
nised by astronomers, appeared to be irreconcileable with the princiidea of 
the Newtonian theory, in consequence of the plane of Jupiter’s orbit 
having been eiyoneousiy assumed to be the plane of the disturbing force. 

The disturbing force which exercises most influence in determining the 
positions of the fixed planes, is that arising from the ellipticity of Jumtor ; 
and this force is obviously more effective relatively to the sun’s action’, 
accorchng as the satellite is more remote from its primary. The inclina¬ 
tion of Jupiter’s equator to his orbit is 3° 5'; but the inclinations of the 
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fixed pla.nes of the satellites towards Jupiter’s equator, comitino’ from the 
first satellite, are only 7'', V 3'', 5' S'', 24' 33". 

As the nodes of the satellites all regress upon their fixed planes, the 
mutual positions of the orbits will be continually varying ; and this cir¬ 
cumstance, by occasioning a continual alteration of the mutual action of 
the satellites, will disturb the absolute positions of the orbits. Laplace 
expressed the latitude of each satellite, relative to the plane of Jupiter’s 
orbit, by means of five terms. The first of these depended on the position 
of the fixed plane, with respect to the planet’s orbit; the second, on the 
inclination of the satellite towards its fixed plane ; the other three were 
determined by the positions of the nodes of the disturbing satellites on 
their fixed planes 

The analytical expression which Laplace obtained for the latitude 
enabled him to explain the singular changes which astronomers had 
remarked in the inclination of the fourth satellite. From 1680 till 1700, 
the inchnation appeared to have been stationary and equal to about 2".4 ; 
since 1760 it had been sensibly increasing. Now, Laplace found from 
theory, that in 16S0 the inclination was equal to 2°.47C) ; in 1020 it 
amounted to 2°.448, and in 1700 to 2‘\441. It reached its minimum 
in 1756. Since that epoch it had been constantly increasing; when 
computed for 1800, by Laplace’s formula, it is found to amount to 2“.5791. 
“ It is curious,” says Laplace, “to see thus emanating from analysis those 
singular phenomena which observation has jiartinlly disclosed ; but wdiich, 
resulting from the combination of many simple inequalities, are too com- 
plicated to allow the discovery of their laws by astronomers. ”-|' 

Since the motion of each satellite is determined by three difforential 
equations of the second order, the motions of the four satellites will bo 
determined by twelve such ditlerential equations. The integration of thoso 
equations will, tliereforo, involve twenty-four arbil.rary constants ; the 
values of which iniist be derived from observation. l^esidos Ihesc twonty- 
foiii constants, tlierc are seven otlnu’s 'wliicli it is inu'i'ssiiry to de(-erinino 
before tables of the satellites can be construcl.cul upon the basis »)l' tlnur 
pliysical tbeory. IIklikc are—tlio nnissos ol llio four sji.telIitcis ; tins 
ellipticity of J iqnter ; tlie ineliuation of his cijuator to his orbit; and tlio 
position of the nodes of bis equator. h’ivo ])henonicnii, weiaj s(jilcetod l)y 
Laplace as best adapted for assigning the masses of the satollitos a,nd tlio 
ellipticity of their primary. The first of these Avas tlio iiieqaalily in 
longitude of the first satellite, extending over tlio period of 437.()”r)‘.)'*, 
wliicli iGstoies tlio ocli])8CH ol tlio three interior HMtcllilcs iii tlio sMiru 3 
order. As this iiinqujilit.y dcpeiu ls on tlio net ion of tlio scuMnul Hat cillito, it 

o liini tlio imiss ol thn.t body witli j^’rent iU'oiirMcy. d'lio siniiliir ino**- 
quality ot the second satehilo doponds upon tho c()inl)ined actions of the 
list and third satGllites ; it was tho se<‘ond datum employed by XjUjilace in 
tliese researclies. Tlie third datum was the motion of tlio nodes of tlio 
saine satellite; a phenomenon which depends upon the action of tlie first 
and third satellites, and upon tlie disturbing influence of .Tapitor’s ollip- 

The fixed planes of the satellitc.s arc not absolutely iininoveahle, siiiee their positions 
are determined by thoso of Jupiter’s orbit and equator, botli of wbieli are eontiniiallv 
varying; the former from the action of the |)tniets upon .Fiipiter, the latter from thb 
action ot the sun and the satellites upon the redundant matter aeeuimilat<-d rouml his 
equator. laiplace took into account the elfeets of both these ehan-es in eoiiiputing the 
latitudes ot tlie satellites. ‘ " 

An interesting ac-eoiuit of the perturbations of Jupiter’s satellites will he fuiiml in Airy’s 
1 realise on Gravitation. 

f Mec. Cel., tome iv., I’rcf. p, xiv. 
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ticity. Tlie fourtli datum was tlie eq^uation of tlie centre of the third, 
satellite, depending on the position of the perijove of the fourth. The 
fifth was the motion of the apsides of the fourth satellite. 

By comparing these data with his analytical formulee, Laplace determined 
the masses of the satellites and the ratio between the equatorial and polar 
axes of their primary. It appeared from his results that the third satellite 
contained the greatest quantity of matter, and the first satellite the least'’s 
The mass of the third satellite was found to be about double the moon’s 
mass, and that of the fom’th satellite was equal to it. By assuming the 
equatorial axis of Jupiter to be equal to unity, he found that the polar axis 
was equal to ,9286. It hence followed that the lengths of the polar and 
equatorial axes were xery nearly as 13 to 14; a result which almost 
coincides with that deriYed from micrometric measurements of the two 
axes. Laplace, indeed, considers that in this case theory conducts to a 
moi’e accurate result than direct observation. It is assuredly one of the 
greatest triumphs that the human mind can boast of, to have been enabled 
to determine the pi’ecise shape of the planet, by merely observing the 
eclipses of the small bodies which circulate round him. 

Belambre determined the thirty-one elements of Laplace’s theory by 
comparing together a vast number of eclipses observed by astronomers at 
different periods. Having executed this important task, he then com¬ 
puted the numerical values of all the equations, and employed them in the 
construction of ecliptic tables of the satellites. These tables were in¬ 
serted in the third edition of Lalande’s Astronomy, which was published 
in the year 3792, and were found to surpass greatly in accuracy the tables 
of'Wargentin, and those of all ,preceding astronomers. 

The eclipses of the first satellite originally led to the discovery of the 
successive propagation of light, and this important doctrine ivas afterwards 
established upon an indisputable basis by Bradley’s discovery of aberra¬ 
tion. Laplace, bowever, conceived that the order of the inquiry might be 
inverted, by deriving tbe maximum value of aberration from the velocity 
of light, as indicated by the eclipses of the satellite. Having suggested 
this view of the qiiestion to Delambre, that indefatigable astronomer 
undertook the laborious task of computing the velocity of light by the 
discussion of a great number of eclipses; and from the result obtained by 
concluded that the maximum value of aberration is equal to 
20^'.25. This value agrees jorecisely -with that which Bradley derived 
from direct observations on a great number of star.s. It is interesting to 
trace so close an agreement between two methods so widely different. This 
comcidence shews that the motion of light is uniform within the earth’s 
orbit, for the aberration is derived, in the one case from the velocity of 
light in the earths orbit, and, in the other case, from the time which it 
talves in tiaversing the diameter of the orbit. Its motion is also uniform 
vnthin the orbit of Jupiter, for the variations of the radius vector of the 
planet are yeiy sensible, and tbe differences in the times of eclipses which 
these occasion are found to correspond exactly with the supposition of the 
uniform motion of light. ^ 


the values of the masses of the satellites as given by Laplace in the 
Mecamc^ue Celeste, liv. viu. chap, viu., Jupiter’s mass being supposed equal to unity. 


Mass. 


Ist 

satellite 

0.0000173281 

2nd 


0.0000232355 

3rd 


0.0000884972 

4th 

>9 

0.0000426591- 
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CHAPTER IX. 


Secular Variations of the Planets_Elements of the Terrestrial Orhit.—Variations of the 

Eccentricity.—Motion of the Aphelion.— Obliquity of the Ecliptic-Its secular Varia¬ 

tion computed by Theory.—Euler. — Lagrange Laplace. — Influence of the displace¬ 
ment of the Ecliptic on the length of the tropical Year.— Indirect Action of the Planets 
on the terrestrial Spheroid.—Its effect in i*estricling the Variations of the Obliquity of the 
Ecliptic and the length of the tropical Year_Invariable Plane of the Planetary Sys¬ 

tem.—Theory of Comets.—Hevelxus.—Borelli.—Dcirfel.— Subjection of the Motions 
of Comets to the theory of Gravitation by Newton.— Halley-—-Clairaut.—Researches 
of Lagrange on Cometary Perturbation_Lexell’s Comet. — Its Perturbations investi¬ 

gated by Laplace.—Publication of the Mdcanique Ccileste. — General Reflections on 
the Progress of Physical Astronomy. 

The theory of the secular variations of the elements of tlie planetary 
orbits forms one of the most interesting subjects of x'hysical astronomy. 
The actual existence of some of tliese variations was long a disputed point 
with, astronomers ; but tliey have been establislicd beyond all doubt in 
recent times by the accuracy of niodorn observations. The secular varia¬ 
tions of the terrestrial orhit have natui'ally'' excited a more lively interest 
than the others of the same class, on account of their comie.xion with tlie 
physical condition of the earth. The investigation relative to the eccen¬ 
tricity is manifestly an object of the highest importance, since the indefinite 
increase of that element, at however slow a rate, w'ould ultimately occasion 
such violent alternations of heat and cold at the earth’s surface, in the course 
of every year, as utterly to destroy the existing economy of animal and 
vegetable life. The sublime researches of Ijagrangc have shewn, however, 
that sucli a condition cannot possibly ensuo ; for tlic tciTestriiil eccentricity 
will always he maintained by the actitui of the planets within cortain 
narrow limits between wliich it will perpetually oscillate. At ]>rescnt it is 
diminishing at the rate of 18^' in a century. An iinmeusc number of ages 
will elapse before it reach its minimum stale; but, wlion tins takes jxlaec, 
it will then pursue a contrary order of variation, increasing a,t tlio same 
slow rate as that at which it had j>rcviously diminished. Wo have seen 
that the variation of this element forms the medium tln.*ough wliich the 
action of the planets is propagated to the moon ; occasioning thereby the 
secular inequality in the mean motion of that l>ody, ^vhicll was so long the 
cause of embarrassment to mathematicians and astronomers, until its 
physical origin wus at length discovered by Jl/aplace. 

The motion of the earth’s aphelion was first discovered by the celebrated 
Arabian astronomer, A1 Ilatani. As in tho case of tlie lunar apogee, it 
advances in the order of tho signs, though at a much slower rate. Its 
annual motion is estimated at 11''' or The variation of this eleisient 

is interesting on account of the clear evidence it affords of the disturbing 
action of the planets on the earth ; but it obviously cannot exercise any 
influence on the physical condition of the latter. 

But the question is very different when we consider tlic position of tlin 
earth’s orhit. A variation of this kind, by altering llic ohliquily of tlie 
ecliptic, would manifestly affect the temperature and climate of the earth 
in an equal degree witli the variation of tlie ecc'cntricity. The true state 
of the obliquity of the ecliptic was long a subject of controversy ; some 
astronomers asserting that it was invariable, while others maintained that 
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it was constantly diminishing. The earliest measurement of it, if we 
exclude tlie records of Eastern nations, is due to Eratosthenes, who 
flourished about the year S70 a.o. This astronomer found the angle 
between the tropics to amount to 47® 43^ whence the obliquity of the 
ecliptic was equal to 2.3® SI' 13'^. A1 Batani, in the ninth century, fixed it 
at 23® 35'. "Waltherus, the G-ermaii astronomer, made it 23° 29' 47" about 
the close of the fifteenth century; and Tycho Brahe made it 28° 29' 
about the year 1581. Iticcioli, G-assendi, and Elamstead maiiittiincd that 
the obliquity was invariable, ascribing the discordances of astronomers 
wholly to errors of observation. On the other band, Bouillaud and 
Wenclelin contended tbat it was continually diminisliiiig; and this ox'iinion 
w’as urged with great ability by Louville, in the Memoirs of the Academy 
of Sciences for 1716. About the middle -of the last century, Bradley, 
Lacaille, and Mayer found the obliquity to be 28® 28' 18", and in 1800, 
Delamhre, Mechain, and Lefranqius made it 23® 28'. Thus it appears 
that, although the earlier observations are not entitled to much conlidenco 
when considered by themselves, the aggregate of the results indicates 
beyond all question a constant diminntion of the obliquity. 

Euler first explained the variation of the obliquity of the ecliptic by the 
theory of gravitation. In his memoir of 1748, he showed tbat the action 
of Jupiter on the earth would occasion a displacement in the plane of the 
ecliptic; tending to bring it nearer to the equator. He investigated the 
same subject more completely in the Berlin Memoirs for 1754, and also in 
his memoir on the perturbations of the Planets, which was crowned by 
the Academy of Sciences of Paris in 175 0. On the last-mentionod 
occasion he made the secular diminution equal to 48", a quantity which 
differs only about 2" from the most recent determinations of astronomers*. 

Lagrange computed the diminution - of the obliquity in the Berlin 
Memoirs for 1782, and obtained 61".5 for the amount of the secular 
variation. This result is universally allowed to be too great. The source 
of Lagrange’s error doubtless lay in the erroneous value which lie assumed 
for the mass of "Venus, the planet which exercises the greatest influence on 
the position of the ecliptic. 

An interesting question arises ; will tlie obliquity continually diminish 
until tbe equator and ecliptic coincide? If this should happen, the sun 
will daily attain the same meridional altitude as at the equinoxes, and an 
eternal spring will reign over the whole earth. Lagmiige first shewed 
that such a condition cannot i^ossibly exist; tbe mutual action of the 
planets occasioning only small oscillations in the positions of their orbits. 
The ecliptic will, therefore, continue to approach the equator until it 
mach the limit assigned by the action of the perturbing forces, after which 
it Will gradually recede from that plane according to the same law as 
that which determined its previous approach. The diminution of the 
obliq^uity is not uniform ; hut the law of variation can only be ascertained 
by theory.^ The formula for computing the obliquity corresponding to any 

assigned time may be thus expressed :—9 = 28® 27' 54".8_0". 488560«_ 

0". 000005^ t denoting the number of years before or after 1800. This 
formula will be accurate enough for all the purposes of astronomy, when 
the value of t does not exceed ten or twelve centuries; it will even servo 
for all the ancient observations, when we take into account the uncertainty 
tbat hangs over them. In tbe lapose of ages tbe law of variation will be 

* Bessel in his Tabulsa Ilegiomoiitanse, 1830, makes it 45" 7. 
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more completely developed ; and it will be necessary to include in the 
formula the cubes and higher powers of if the same epoch should ho 
always retained. 

Laplace compared the preceding formula with an ancient observation 
recorded in the annals of the Chinese. It appears that Teheou Kong, the 
regent of China, measured the summer solstice about the year 1100, before 
the Christiail era, and from the result obtained by him, combined with 
another recorded measurement of the. winter solstice, astronomers have 
deduced 23° as the obliquity of the ecliptic in his time. Now, if 

we substitute 2900 for t in the preceding formula, applying to it the 
negative sign, because it represents the number of years by which the 
recorded observation has preceded the epoch of the formula, we get .23*^ 
51' 30" for the value of the obliquity. The near agreement of this 
result ■with that derived from the Chinese i*ecords is very reinarkalile, 
especially when we consider that the instrument wddi which Teheou Kong 
made his observation was a vertical gnomon only eight feet high. The 
accordance between theory and observation is still more striking when wo 
institute a comparison between tlie results of tlie former and tlio accurate 
determinations of modern astronomfU's. 'i’hus Arago and Matbieu, from 
observations on the solstices made in the years .1812, 1813, 1814, con- 
chided that the obliquity for the year 1813* was 23° 27' 49".28. If we 
compute its value for the same epoch l)y the above formula, W'c obtain 
23° 27' 48".09 as our re.sult. The diiiereiice betw’eeii tlie observed and 
computed values is, therefore, only 0".r)9. 

The displacement of the ecliptic, caused l)y the action of tlie planets 03i 
tlie earth, affects the precession of tlie equinoxes, and the length of the 
tropical year. Tliis displacenient is found to produce a very slow motion 
of the equinoctial points apon tlic plane of tlie ecliptic in tlie direction of 
the earth’s motion. Its ctrect is, tliereforc, contrary to that produced by 
the action of the sun and moon upon the terrestrial spheroid ; bnt, as it is 
very minute compared with the latlur, it nnn-oly occoisions a small diminn- 
tiou of the auriual quantity of yirocession. The tnonii value of precession, 
as determined by ohsorvatioii I'oi' the e|iocb of l.soo, is 59".22350. Tlie 
lunisolar ])recession coirqiuted foi' the same epoch hy the ilico^ of gravita¬ 
tion is 50''.37315 ; hence tlie elfect duo to the dis]>hiceinent of the 
ecliptic amounts to 0". 14935. 

The progression of tlic equino.ves, caused by ilio act ion of the plauet.s on 
the earth, will manifestly ail’ect the iengtlv of the tro]iie.al year. The 
action of the sun and moon upion tlie tei-resirial wplieroid arceleratc's the 
arrival of the earth in the equinoxes, and, llierefore, shortens tlie year; 
the action of the planets on the other hand I’ctards its arrival, and 
consequently lengthens tlie year. The accelei*ation being, however, greater 
than the retardation, the tropical year will, on the w'bole, bo sborteued by 
the motion of the equinoctial points. If tins motion was uniform, the 
length of the tropical year would be invariable ; but sucli, in fact, is not 
the case. At present it is slowly increasing, and on this account the 
tropical year is gradually becoming shorter. The rate of diniimition is 
about half a second iu a century ; and consequently tlio tropical year is 
now shorter by about ten seconds than it wars in the time of llipparclius. 

If the piositioii of the equator was fixed, the variation of the obliquity 
of the ecliptic would dejieud entirely on the dispiluccmoiit of the latter 
plane, occasioned hy the action of the planets on the <:‘arlli. Jjaplace, 
however, has shewn tliat this displacement gives rise t<.) a corresponding 

Ji 2 
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oseillatioix of tlie ec[iiator, •which, considerably modifies the variation that 
would otherwise ensue. It is clear, from our remarks on the inequality 
of nutation in a preceding chapter, that, as the ecliptic approaches the 
equator, the mean action of the sun upon the terrestrial spheroid will 
continually vary- This variation of the solar force will give rise to a 
nutation of the earths axis, exactly similar to that depending on the 
variable inclinatioa of the lunar orbit to the equator. In the present 
instance, however, the period of the inequality will be vastly greater, in 
consequence of the extreme slowness with which the displacement of the 
earth’s orbit proceeds. The mean disturbing action of the moon upon the 
terrestrial spheroid will also be subject to a corresponding variation ; for 
the lunar orbit constantly maintains the same angle with respect to the 
plane of the ecliptic, and, therefore, participates in the displacement of 
that plane relative to the equator. Hence will arise an oscillatoiy move¬ 
ment of the earth’s axis of the same period with that depending on the 
action of the sun. Laplace has found that, in virtue of the combined 
effect of these oscillations, the variation of the obliquity is reduced to about 
one-fourth of that which would have resulted from the displacement of the 
ecliptic alone. He has shewn, in fact, that if we only take into account 
the last-mentioned cause of variation, the obliquity will oscillate to the 
extent of 4® 53' 33''^ on each side of a mean state; whereas, on the other 
hand, if the action of the sun and moon on the terrestrial sxdieroid, arising 
from the displacement of the ecliptic, be considered, the extent of 
oscillation will be reduced to 1° 33' 45" 

The movements of the equator and the eclixDtic being periodical, the 
phenomena which depend on their relative positions must necessarily be 
periodical also. Hence the tropical year, although at present in a state of 
slow diminution, will not always continue so. When the obliquity of the 
ecliptic has reached the limit prescribed by the action of the planets on' 
the earth, it will then vary in the opposite direction, increasing according 
to the same law as that which determined its previous diminution. 
Laplace found that the utmost alteration in the length of the tro^rical year 
would not exceed 38.8 seconds. If it were not for the modified action of 
the sun anc^^moon upon the terrestrial spheroid depending on the disidace- 
ment of the ecliptic, the extent of variation would be 102 seconds f. 

We have already remarked that the earth’s aphelion has a jn'ogrcssive 
motion relative to the stars amounting to 11" or 12" annually. Jf we 
consider its motion with respect to the equinoxes, we must add the value 
of pnecession to the above quantity, which gives about 02" for the trojoical 
motion. Hence, in little more than twenty thousand years, tlie major 
axis of the earth’s orbit will have accomplished a complete revolution with 
res^oect to the intersection of the equator and ecliptic. Lajdace has 
considered two remarkable epochs in connexion with this circumstance. 
One of these is that at which the major axis of the terrestrial orbit 
coincided with the line of the equinoxes ; the other is that at which it was 
perpendicular to the same line. The first of these epochs, when com¬ 
puted by theory, is found to corresjpond to the year 4107 before the 
Christian era. This was about a century previous to the creation of man ; 
the solar perigee then coincided with the autumnal equinox. The epoch, 
at which the major axis of the orbit was jperpeiidicular to the line of the 


* Cormaissance des Temps, 1827, p. 237. 
+ Mee. Cel., liv. xiv\ chap, i.' 
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equinoxes, is of much moi“e recent date. Laplace found by computation 
that it fell in the j^ear 1250 a.d. The solar perigee then coincided with 
the winter solstice. He therefore proposed that the year 1250 A.n. should 
be used as a universal epoch, and that the first day ot the year should 
begin with the passage of the sun through the vernal equinox 

An interesting discovery to which Laplace was conducted by his re¬ 
searches on the planets was the existence of an invariable plane in the 
solar system. It is well known that astronomers generally fix the- posi¬ 
tion of a celestial body by determining its distances with respect to two 
great circles of the celestial sphere at right angles to each otlier. If the 
planes of these circles be immoveable, it is clear that observations, however 
numerous or distafit from each other, may be referred to them, and any 
changes of position which may have occurred will be discovered by a com¬ 
parison of the recorded distances from each circle. On the other liand, 
if the position of the cori-elative planes be variable, it is equally undeni¬ 
able that any conclusions drawn from such a comparison wall be totally 
vitiated, at least unless due account be taken of the altered position ot 
the planes at the time of each observation. Now as tlio orbits of all tlio 
planets are continually shifting their positions, in con sequel ico of the . 
mutual attraction of the several bodies,-it is impossible to use any of 
their planes as the plane of one of the great circles of reference ; and tlio 
same may be said of the plane of the equator, the position of whicli is 
continually varying from the action of the sun and moon upon t.lio terres¬ 
trial spheroid. It becomes, therefore, highly desiralde to discover some 
jilaiie, the position of which shall he independent of the mutual perturba¬ 
tions of the planets, and ■which may'', therefore, be used as a common ground 
for comparing disfiint observationsf. This important object was effected by 
Laplace, who ascertained that, amid the disturbances to Avhicli the planets 
are continually exposed by their mutual attraction, tbero exists an invari¬ 
able plane, about which the orbits jDerpetually oscillate, deviating from it 
only to a veiy small extent on either side. This plane passes throagli llic 
centre of gravit}' of the solar system, and it is so situated, tliat if all the 
planets be pi'ojectedon it, and if the mass of each planet bo multiplied iut<t 
the area, corresponding to any given time which is describejj. by the pro¬ 
jected radius vector, the sum of such products will be a maximum. J>y 
means of this property, which is independent of any particular epoch, it 
Avill be eas 3 ' for astronomers in future ages to determine the exact position 
of the plane, and to compare observations together by means of it |. 

This plane is not peculiar to the solar system. It e.xists in all those 
systems wherein the bodies are not exposed to any other forces than those 
arising from their mutual attraction. Its position in the solar system has 
been calculated, by refei’ring it to the plane of the ecliptic, corresponding 
to the year 1750. In this manner it is fouiul that the inclinatiou of the 
plane is 1° 35' 31", and llie longitude of the ascending node 102” 57' 
SO". If a similar calculation be made for the year 1950, the inclination 
will be 10 85' 31", and the longitude of the node 102” 57' 15". The 
agreement of these results is very surprising when we take into account llm 
uncertainty that prevails respecting the masses of several of tlici planets '^. 

* Mec. Ccl., liv. vi. chap. x. 

f Of course the relation between the two planes cletcnnines the position of the other 
plane. 

t Journal de 1’ Eeole Polytechnique, Annee, 1798; sec also Mec. C«'*l., liv, ii. chap, vii 
Mec. Cel., liv. yi. chap. xvii. See also Pontccoulant’s Thcoric AnuhjtiquG da 
Systhne du Jltojide vi. chap, xxii. 
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We sliall now proceed to give some account of tlie researches of astro-^ 
iiomers on tlie motions of comets. These bodies were generally considered 
to be meteoric substances, generated in the upp)er regions of the atmo¬ 
sphere, until Tycho Brahe demonstrated that they were situated hejmnd 
the moon’s orbit. That astronomer erred, however, in supposing them to 
revolve in circular orbits, nor did Kepler approach nearer the trnth when 
he ajffirmed that they moved in straight lines. Hevclius first remarked 
that the paths of comets are curved near tlie perihelion, the concave side 
being turned towards the snn=''. He even threw out the suggestion that 
the form of the curve might be a parabola ; hut he did not assert that the 
sun would occupy the focus. Borelli also about the same time hinted 
that the orbits of comets might be either parabolic or elliptic. Ddrfel, 
a native of Upper Saxony, was the first person who proved tliat comets 
move in parabolas, having the sun in the focus. This he did, in 1081, hy 
means of a careful discussion of the observations on the great comet whicli 
appeared in the preceding year. It is right, however, to state that he 
arrived at this conclusion merely by a graphic process, and that lie makes 
no mention of any fixed law regulating the motions of comets. 

Heivton, having been already assured by the researches of astrono¬ 
mers that comets traverse the regions of the planets, was led, by his 
discovery of the principle of gravitation, to suppose that they move in 
conic sections round the sun in the focus. He was of opinion that the 
orbits are really elliptic, like those of the planets; but he remarked that 
on account of their great eccentricity they might he assumed, without any 
appreciable error, to be parabolas near the perihelia. Pie demonstrated, 
by a comparison of his theory with the observations of astronomers, that 
the comet of 1680, and several other bodies of tlie same class, revolved in 
orbits which were sensibly parabolic, and that the radii vectores drawn to 
them from the sun, supposed in the focus, described in each case equal 
areas in equal times. He also invented a method for determining the 
elements of a comet’s orbit by means of three distinct observations. This 
method, being founded on the supposition of the body moi'ing in a p)arubola, 
did not extend to the determination of the major axis when tho comet re¬ 
volved in an elliptic orbit. Newton, ho^vever, remarked that this element 
and the time of revolution might he derived from a comparison of those 
comets which returaecl in the same orbits after very long periods j-. 

The researches of Newton were .soon enriched by a brilliant corolla.ry. 
Halley, having collected all the recorded observations on comets which 
could be entitled to any credit for accuracy, proceeded to calculate the 
elements of their orbits, in hopes of thereby detecting tho reappearance of 
some of the bodies. This illustrious astronomer, having devised an arith¬ 
metical calculus for Newton s method of investigation, succeeded, after in¬ 
credible labour, in computing the elements of twenty-four comets. Among 
these there were three which, on account of the close resemVdance of their 
orbits and the uniformity of their appearances, afforded strong grounds for 
suspicion that they were the same comet. The first was observed by Ap- 
pian in 1531; the second by Kepler in 1607; aud the third by Halley 
h i m self in 1683. His suspicion of their identity was further confirmed, 
by historical records of the appearance of a comet in 1805, of another in 
I'BBO, and of a third in 14o0. In all these cases tlie periods seemed to 
vaiy alternately fi'om i6 to 7G years, every two successis’'e revolutions oc- 


* Comefocn-aphia, fol. Gedani. 1668. 
t Principia, lib. iii. prop. i. 
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cupying about l5l years. The only objection which offered itself to the 
opinion of their being the same comet arose from the irregularities of the 
periods, and the difference in the inclinations of the orbits. The interval 
comprised between the comets of 1531 and 1607 amounted to 70 years, 
62 days ; that comprised between the comets of 1007 and 1682 was 
equal only to 75 years, less 42 days. The difference between the two in¬ 
tervals w’as therefore more than fifteen months. The inclination of the 
orbit was also found to vary nearly to the extent of a degree on the occa¬ 
sion of each successive appearance of the comet. These discordances 
would have offered an insuperable difficulty to many inquirers in attempt¬ 
ing to establish the identity of the comets ; hut TIalley was too well ac¬ 
quainted with the principles of the Newtonian theory not to pei'ceive that 
they might be occasioned by the disturbing action of the planets. Tie 
remarked that the period of the planet Saturn sometimes varied to the 
extent of 13 daj^s from the action of Jupiter, and that, under certain cir¬ 
cumstances, the alteration of the time of revolution might even amount to 
a month. “ ITow much more liable to derangement tiien,” says he, “ is a 
comet whose excursion into space is four times greater tlian tliatof Saturn, 
and whose orbit is so eccentric, tliat, if the velocity were increased hy-,-^, „tli 
part of its value, the ellipse described by the comet would be changed into 
a pai'abola.” 

He remarked, that in the summer of 1081, wlien the comet was ap 
preaching its perihelion, it passed so close to Jupiter that the force exerted 
by that planet on it amounted to sun’s force; and, as it con¬ 

tinued for several months exposed in this manner to the powerful in¬ 
fluence of the planet, he inferred that the periodic time must have been in 
consequence affected to a very considerable extent. The question therefore 
which now suggested itself to him w>is to ascertain the precise time when 
the comet should again return. The period of revolution, as determined 
by the appearances of 1531 and 1607, would assign llie month of November, 
1758, for its next return ; on the other hand, if the period d(n’ived from 
the appearances of 1607 and 1682 were ado])tod, tlio comet ought to re¬ 
turn in the month of August, 1757. No moans existed in llalloy’s time 
of computing the derangement of the comet's motion caused by the pla¬ 
nets ; but he very sagaciously concluded that tho action of Jupiter would 
have the effect of retarding its arrival, and that in consequence it would 
not he visible before the end of 1758, or the beglmairig of 1750. “ Wliere- 

fore,” saj^s this illustrious astronomer, “ if it should return according to onr 
prediction about the year 1758, impartial i:)ostority will not refuse to ac 
knowledge that this was first discovered by an i’,nglislnnan.’'=:' 

As the time fixed l)y Halley for the return of tho comet drew nigh, an 
intense interest was awakened in the minds of astronomers by the expected 
event, but no one had the courage to calculate the j)recis 0 time when tho 
comet should be visible by taking into account the perturbing action of tlie 
planets. At length, in 1757, Clairaut, who had already distinguished him¬ 
self by his researches in physical astronomy, undertook tlie examination of 
this difficult question. By applying his solution of the jiroblem of tliro(i 

* “ Quocirca ai secundum prediefa nostra redierit itcrum circa nnnuin 1758, hoc primum 
ab liomine Anglo inventum fuisse non inficiabitur aiqua postcritas.” Synopsis Aslronoraifxi 
Cometica?. This important little treatise was first imVxlishcd in tlio volnrne of tlie Philo¬ 
sophical Transactions for the year 1705. It was afterwards eonsiderahly enlarged by the 
author, but it was not published in this form until 1749, when it appeared along with his 
tables of the planets. I'hc words above cited arc not contained in tho eaidier edition. 
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"bodies, lie computed tlie derangements caiised by tlie planets Japiter and 
Saturn througboxit tliree successive revolutions. In the immense calcula¬ 
tions to vs^liich. these researches gave rise, he received efficient aid from 
Jjalande, who was then just entering upon his long career. He finally ar¬ 
rived at the conclusion that the comet would be retarded 100 day'-s by the 
action of Saturn, and 518 days by the action of Jupiter. Hence the whole 
period of revolution would extend to 70 years, SI I days, and as the comet 
had passed its perihelion on the 14th of September, 168S, it ought to return 
to it again on the 13tli of April, 1759. Clairaut announced the result of 
ms labours to the Academy of Sciences on the 14th of Novemher, 1758. 
He took the precaution, however, of stating that the omission of many 
small quantities, which was rendered necessary by the method of approxi¬ 
mation he employed, might cause the actual time of the comet’s arrival iii 
perihelion to differ as much, as a month from the computed time. He also 
added “that a body which passes into regions so remote, and which is 
hidden from our view during such long periods, might be exposed to tho 
influences of forces totally imknown, such as the action of other comets, or 
even of some planet too far removed Jro7n Xlxe swz to he ever perceived,.'^ 

All the astronomers of Europe were now looking forward with anxious 
expectation to an event which was destined to exercise so important an 
influence on the fate of the hTewtonian theory. At length the comet was 
seen for the first time on the 25th of Hecemher, 1758, hy George IPalitsch, 
a native of Saxony, and an amateur astronomer. It reached its perihelion 
on the IStli of hlarch, just one month earlier than the time fixed by Olair- 
auh but still within the limit assigned by that illustrious geometer. 

. Hs-Ying revised his labours, Clairaut reduced the error in the computed 
time of the comet to 22 days, and at a su"bsequent period he reduced it to 
19 days. He would have apiproached still nearer the truth if he Lad been 
in possession of more accurate values of tLe masses of Jupiter and Saturn. 

The retmm of this comet so near the predicted time was one of the 
mdst brilliant triumphs which the Newtonian theory had yet achieved. It 
established beyond all doubt that comets, while mainly controlled by the 
pi eponderating influence of the sun, were also liable to be deranged in 
their motions by the other bodies of the system, and the theory of their per- 
t^bations henceforth formed a subject of deep importance to geometers. 
Clairaut employed in his researches the method of approximation he had 
previously devised for the lunar theory, but he introduced into it several 
ingenions modifications, in order to adapt it to the peculiar difficulties of 
cometary pertmhation. Tt will readily be perceived that the same facilities 
do not exist in this case for calculating the influence of a disturbing body 
as when the question relates to a planet. In the latter case the ecceii- 
tncity and inclmation of tlie disturbed body being small fractions, it is al¬ 
ways possible to expand the perturbing function into a rapidly converging 
senes, arraiiged according to ascending powers of these quantities; but, as 
Av are very eccentric, and inclined at all angles to the 

perturbing function is developed con- 
render the usual method of integration quite 

1^80 researches until thenar 

^he tCo?? Academy of Sciences of Paris having proposed to geometers 
memSi peidurhation Lagrange composed an admirable 

Th^met^d whkh Academy. 

J-iae method which that illustrious geometer invented for the nurnose of 

obvzating the peeuhar difflcaMee of\he probleta is at fnee ingSas ax^d 
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effective, and has formed the basis of all subsequent researches relative to 
the^ same object. It is founded on the theory of the variation of 
arbitrary constants ; but in integrating the differential expressions of the 
comet’s elements the usual mode of procedure is not adhered to. In 
the lunar and planetar 3 >^ theories the integrations are so effected, that they 
conduct to formulae by means of which the place of the disturbed body may 
be readily calculated for any assignable instant whether past or future. A 
similar course not being practicable in the theory of comets, on account of 
the peculiarities to which we have already referred, Xjagrange proposed 
to substitute instead of it what has been termed the method of quadratures. 
This consists in dividing the orbit of the comet into a number of distiuct 
arcs, and then summing up the effect of perturbation for each arc. J3y this 
process a fresh set of elements is obtained at the end of each summation, 
and these form the basis of computation for the following arc. The appli¬ 
cation of thi^, process to the whole of the orbit would demand an enormous 
amount of calculation, but ILagrauge shewed that such a course was not ne¬ 
cessary. When the comet is near the perihelion, the method of quadratures 
is indispensable ; but, when it is traversing the superior part of its orbit, 
the ordinary method of integration may be xu'actised on account of the groat 
distance of the comet compared with the distance of the disturbing body. 

In 1770 a comet ax)peared, the circumstances connected with which led to 
very interesting results. The observations on it seemed inexplicable by 
any parabolic orbit that could be devised, until Lexell finally shewed that 
they might be all reconciled with the supposition of the cqmot revolving 
in mi ellipse in a period of nearly six years. The opinion of Lexell was 
confirmed in the most satisfactory manner by Burchardt, who for this pur¬ 
pose undertook a careful discussion of all the observations. Strange to 
say, the comet never afterwards appeared, notwithstanding the shortness of 
its period. In order to account lor tliis fact, Lexcll remarked that it had 
been alwa 3 ^s invisible until the 3 mar 1770, but tliat in 1707 it passad so 
near Jupiter that it was thrown l)y the powerful disturbaiu^c of (lial, |)l:inct 
into a new orbit aiid thereby rendered; and that in 1770 it again 
passed so neai the planet as to be thrown into anotlicr oi'bit .vnd rendered 
invisible. Laplace undertook an analytical investigation of this inlerestino' 
question, and lie found that the distin^bing aidJon ol .Jupiter would bo 
capable of producing the singular effects ascribed to it by I^cxell *■!'. No 
doubt, therefore, can exist on the cause either of tlie aiiiioarance or the 
subsequent disappearance of the comet. 

A-S this comet appioached very near the earth, it ollored a favoiiralde 
example foi asceitaiiiiiig to what extent comets in general ailcct the other 
bodies of the system. The result of its action on the earth would bo to 
diminish the force ol tliat body towards the sun, and thercliy to lengtlien 
the sideieal yeai. No such change has been detected by as(,ronoin(u*s, 
whence we may conclude that the masses of comets are very sinalL 
Laplace found that, if the sidereal year had increased 1« since tlio year 
1770, the mass of the comet would not have exceeded f, „\,„t.h part ofH k^ 
earth’s mass. It is evident, however, that the mass is^nmeh less lliaii 
this, foi, although the comet passed through tlio syslem of Halcl- 

lites lioth in 1707 and in 1770, it did not produce tlie sli<dil,cst iiercopt ihle 

derangements in the motions of any of those bodies. 

Laiilace, after having investigated with tln^ most brilliant, snccess evorv 
subject connected with the system of the world, linally <‘unceived the design 

Mec. Oel, liv, ix, cliap. ii. 
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of Tinitixiig in one great work all tlie discoveries that had been effected in 
Physical Astronomy. This design appears realised in the Mecanique 
CHeste, one of the most stupendous monuments of the hmnan intellect 
which, modern civilization can boast of. It consists of live quarto volumes, 
which were published at different times in the course of the author’s life. The 
first and second volumes appeared in 1799 ; the third in 1809 ; the fourth 
in 1805 ; and the fifth in 1825. The whole work is divided into sixteen 
books. Ten of these occupy the first four volumes ; the remaining six 
contained in the last volume may be considered as supplementary to the 
Others. The first book of this immortal production treats of the laws of 
equilibrium and motion ; the second, of the law of universal gravitation and 
of the centres of gi’avity of bodies ; the third, of the figures of the celestial 
bodies ; the fourth, of the oscillations of the sea and the atmosphere ; the 
fifth, of the motions of the celestial bodies about their centres of gravity ; 
the sixth, of the theory of the planets ; the seventh, of the lunar theory ; the 
eighth, of the theory of the satellites of Jupiter, Saturn, and Uranus ; the 
ninth, of the theory of comets ; the tenth, of. the theory of refraction and 
other points relative to the system of the world. In the first book of the 
fifth, volume or the eleventh of the whole work, Laplace considers the 
figure and rotation of the eai'th. The twelfth hook treats of the attraction 
and repulsion of spheres and of the laws of the equilibrium and motion of 
elastic fluids ; the thirteenth, of the oscillations of the fluids which cover 


the surfaces of the planets; the fourteenth, of the motions of the celestial 
bodies about their centres of gravity; the fifteenth, of the motions of the 
planets and comets ; the sixteenth, of the motions of the satellites, besides 
the five volumes above mentioned, Laplace composed at diffe-rent times 
supplements to several of the hooks. 


The physical theory of the planetary system is exhibited in tbe 
Celeste in a state of almost complete developement. No material ju’ogre.ss 
has in consequence been effected in this branch of astronomy since the 
publication of that immortal work. One discovery of a very remarkable 
character has indeed been recently added to the'long list of triumphs 
which adorn its histoiq^; hut during the jiresent century geometers have 
been mainly occupied in coz-recting and extending previous I'esults, in im¬ 
proving the methods of investigation, and in illustrating the more obscure 
points of the theory. 

In revie\ving the progress of Physical Astronomy since the close of 
Newton’s career, it is impossible not to be struck with the truth of the rc- 
msirk, that great occasions always call forth from the bosom of society 
suitable minds to cope with the emergencies of the times, and to tiiumpiz 
over opposing difficulties. It has been said that Newton appeared on 
the theatre oi the world when the materials of the magnificent structure 
erected by him been already amassed by the persevering industry of 
preceding ages. The true state of the planetary system had been un- 
o ded by successive labours of Hipparchus, Copernicus, and Kepler ; 

established by Galileo, and his suc¬ 
cessors, Huygens, ^allis, and Wren; nay, the all-pervading principle 

controls the bodies of the univerae heel been divhj 
pMooopher. There was still, howeven 
wanting some master-spiiit to detect the mutual dependence of these 

^ mighty effort of generalization to reduce 
all the phenomena of the heavens under one dominant la^v of nature Tho 
prospect of achievrog this gr.tnd result was the alluring motive by which 
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genius 'was invited to the study of celestial physics in the seventeenth cen¬ 
tury; and to the English philosopher was assigned the immortal honour of 
its realisation. We may discern a similar adaptation of intellectual X)ower 
to existing exigencies in the period which elapsed hetw-een the publication 
of tlie IPrUicipia and the appearance of the Mecaniq^ite O 6 test 0 . Newton 
had fully established the principle of gravitation by liis own unaided efforts; 
but he bequeathed a vast heritage of profound research to his successors. 
With a sagacity unexampled in the history of the human mind, he detected 
the agency of this principle in all the grand idienomena of the planetary 
system, and by the aid of a sublime geometry of his own invention he 
succeeded in reducing to calculation a number of its most hidden results. 
It still remained, however, for geometers to ascertain the effects of the minute 
perturbations which ensue from the nmtual action of the planets, to invent 
formiilte enabling the astronomer to determine their positions throughout 
all ages, both past and future; and, finally, to solve the momentous question 
whether the x^lanets are gradually being absorbed into the sun, or whether 
the system is so constituted that they will revolve in permanent orbits 
round the central body. Such were tlie magnificent x)rob]ems which New¬ 
ton’s discoveries suggested to his successors. We have seen what mighty 
energies were awakened by these j^roblems and witli what brilliant success 
their solution was eftected. Perliaqis no period of history can exhibit an 
array of mathematical genius, equal to that which adorned the eighteenth 
century. The labours of ELiiler, D’Alembert, Glairaut, Eagrango, and 
Lajdace will fill many a bright page in the annals of science, and their 
names will he for ever associated ■with that of the illustrious founder of 
Physical Astronomy, whose rep)utation they have so much enhanced by 
their sublime discoveries. 

Among the various circumstances wdiicli are calculated to excite our 
admiration, wdiile reviewing this x^ortion of the history of Physical Astro¬ 
nomy, not tliG least remarkable are tlie resources of tlie transcendental 
analysis ; by means of which tlie geometer lias l)een enabled to unravel the 
most coinxfiicated relations of the sj'^stem of the world, and to deeijiher in 
the anomalous movements of the celestial bodies the constant oxieration of 
one all-x^ervading principle. In vain would the liunian mind have ever 
atteinxited to penetrate into the more recondite x">^R’ts of the theory of 
gravitation without the aid of this x^owerfiil instrument of research. Its 
assiduous cultivation was, therefore, essentially necessaiy for the develoxic- 
ment of that theory ; and, on this account, the analysts, siioh as 

Leibnitz: and the two eldest llernoullis, deserve to he associated with 
those wdio have more directly contributed to the x^togress of the science, 
“ The discovery of the system of tlie world by New'ton,” says Delambre, 
“ \vas a fortunate event for geometers. Never could the transcendental 
analysis find a worthier or a more sublime theme. Whatever progress 
is made in it, the original discoverer will always maintain his rank. 
Lagrange, who often asserted Newton to be the greatest genius that 
ever existed, used to remark also—‘ and the most fortunate ; wo do 
not find more than once a system of the world to establish.’ It has 
required a hundred years of labours and discoveries to construct the 
edifice of wliich Newton laid the foundation ; but all is ascribed to him, 
and lie is sux^iposod to have x^^ii^’sued the wliole extent of the career on 
which he entered with an eclat so well calculated to encourage his 
successors.”'!' 

* M^moires de ITnstitut, 1812, p- xlv. (^Notice sur la. vie et Ics ouvrages dc Xiagrange,') 
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- An illustrious living plailosoplier of France when alluding to the 
discovery of universal gravitation, has said, that no Frenchman can reflect 
without an aching heart on the small participation of his own countiy in 
that memorable achievement. If an Englishman could be supposed to be 
eq[ually sensitive, he has ample reason to regret the inglorious part his 
country played during the long period which mai'ked the developement of 
the Newtonian theory. With the excej)tion of Maclauiin and Thomas 
Simpson (the former of whom certainly contributed towards the solution of 
one of the great problems of the system of the world, and the latter at least 
gave ample proofs of his capacity for such researches), hardly any individual 
of these islands deserves eveia to be mentioned in connexion with the 
history of physical astronomy during that period. This deplorable fact 
has been generally attributed to the pertinacity with which the English 
mathematicians adhered to the synthetic method of investigation, the 
resources of which had been already completely exhausted by Newton ; 
and also to their perseverance in employing the fiuxional calculus of that 
great geometer; which, besides being less commodious in point of nota¬ 
tion, did not at any time attain the high state of perfection which, at a 
comparatively early stage of its history, distinguished the rival invention 
of Leibnitz. The feeling of veneration which they naturally cherished 
towards their illustrious countryman was doubtless the main cause of their 
injudicious attachment to his peculiar methods of research ; hut it was also 
fostered in a strong degree by the unhappy quarrel which arose between 
them and the continental mathematicians relative to the original invention 
of the infiuiitesimal calcnlus. Were it not for the mutual estrangement 
which then ensued between both parties, it would have been an easy task 
to transfer the improvements of the differential calculus to the fluxioiml 
calculus of Newton, which, in point of fact, was identical with it; and by 
this means the analysts of England might have advanced at an equal pace 
with those on the continent. When the unpleasant feeling, just referred 
to, finally died away, the intellectual energies of England were already 
directed towards objects diametrically opposed to contemplative science; 
and the few persons who still cultivated mathematics, perceiving liow far 
the analysts on the continent had advanced bejmiid them in the improve¬ 
ments of the infinitesimal calculus, appear to have abandoned in despair all 
intentions of original research in plij’sical astronomy, contenting themselves 
merely with timid dissertations on the Principia. At the beginning of 
the present century there was hardly an individual in this country who 
possessed an intimate acquaintance with the methods of investigation which 
had conducted the foreign mathematicians to so many sublime results. 
It is gratifying to reflect that a vigorous attempt has been made since that 
time to recover for England her due position in the ifliysico-mathematical 
world. NoLwithstancling the disadvantages under which they laboured, 
the geometers of this country have already given ample proof that it was 
not from any natural defect of intellectual ability that their fathers wesre 
compelled so long to remain silent spectators of the triumphs of thoir 
neighbours. The most recondite parts of analysis are now studied with 
ardour and success by a number of talented persons; and England, in 
the present -day, can boast of some of the most distinguished mathe¬ 
maticians of Europe. The late Professor Woodhouse, of Cambridge, 
deserves to be mentioned as the person who laboured most zealously in 


M. Arac^o. 
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removing from the minds of his cotintiymen the prejudices they had so 
long cherished against the analytical methods that were in universal use 
on the continent. In the sequel we shall have the pleasure of noticing 
occasionally some of the results which may he considered as the first fruits 
of this salutary innovation. 


CHAPTER X. 


Variation of the Mean Distances of the Planets.—Researches of Poisson.—Tlie Theory 
of Planetary Perturbation resumed by Lagrange and Laplace.—Uniformity of the re¬ 
sults arrived at by these Geometers..—The General Theory of the Variation of Arbi¬ 
trary Constants established by Lagrange.—Researches of Poisson on this subject.— 
Death of Lagrange.—Researches of Modern Geometers on the Theory of Perturba¬ 
tion-Method of Hansen..—Developement of the Perturbing Punction.—Burchardt- 

Binet-New Methods devised for obtaining the coefficients of the Perturbing Func¬ 
tion.— Secular Inequalities of the Planets_Reseai'chos of Le Verrier.—Theory of 

the Moon.—Irregularities of the Epoch.—Equation of Long Period. — Researches of 
Damoiseau, Plana, and Carlini.— Lunar Tables calculated by means of the Theory of 
Gravitation.—Researches of Lubbock and Poisson.—Reduction of the Greenwich Ob¬ 
servations_Discovery of the True Cause of the Irregularities of the Moon’s Epoch, 

by Hansen.—Researches for the purposes of determining the Value of the Moon’s Mass. 


The first importaut discovery wliicli distiiiguislied tlie progress of phy¬ 
sical astronomy in the nineteentli century related to the variation of the 
mean distances of the planets from the sun. We have already given an 
account of the researclies of X-agrange on this point of the planetary- 
theory, and have inetitioned the remarkable conclusion at which he arrived. 
It appeared that the mean <listaiicc of a phiiict, wlicn disturbed in its 
elliptic orbit l)y the otber bodies of Ibo system, was not subject to any 
variations wliicli increased constantly with the time, but was inendy aflceted 
by a series of periodic inequalities (Icpending pu the relative places ol tbo 
planets in their orbits. Xagrango sliewod that tliis tlieoreni was true for 
all powers of tlie eccentricities and inclinations; but bis investigation did 
not extend beyond a first approximation, and, there fore, was limited to 
\eiTTis of the first order with respect to tbo disturbing foi*ces=’--. Tbo inte¬ 
resting question, therefore, still remained to bo examined, whether a repe¬ 
tition of the approximation woidd introduce into tlie expression ol tbo 
mean distance any terms increasing with the time, and tliercby occasioning 
a secular inequality in the mean motion. This ])i*oblem was first attacked 
by a 3 ’onng geometer, wlio was destined to ]^)nrane a brilliant career in tbo 
physico-matbematical sciences. In the yxaxr 1808, Poisson, who was thcui 
only twenty-five j'ears of age, communicated a memoir to tho Institute, in 
which lie investigated the variation of the mean distance, carr^dng the 
approximation to the square of tlie perturbing forces. Py’'means ol a most 
elaborate analysis, he succeeded in showing tliat tlie repetition of the ap¬ 
proximation would introduce into the formula for the variation ol tliat 


element, only a class of terms depending on sines and cosinof 
increasing proportionally with the time. It lollowecl, then, th 


ally 


s of angles, 
tliat so far ns 


* Memoire sur Us Inegaliles Seculaires cUs Mitj/ctts M(nivcme7>s des JdttneU.s. _ This 
memoir was read at the Institute, in June 1808, and w'as siihsoqueutly published in the 
eighth volume of the Joui’na,l da I'Ecole lUdi/tcchnique, 
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the mean distances were coucerned, the mean motions of the planets were 
invariable by the second as well as by the first approximation. 

The interesting result to which Poisson was conducted by his researches, 
had the effect of again inducing PagTange and Laplace to direct their at¬ 
tention to the theory of planetary perturbation. Poisson, after the ex¬ 
ample of these geometers, had assumed, as the basis of his investigation, 
the elliptic equations of the undisturbed orbit, and obtained the variations 
of the elements, by supposing the constants in these equations to be every 
instant changing their values by infinitely small quantities. Lagrange, 
however, was led, by reflecting on Poisson’s researches, to consider the sub¬ 
ject under a more general aspect. He assumed as the basis of his inves¬ 
tigation the three differential equations of the planet’s motion, derived 
from the supposition that it was exjDosed only to the central action of the 
sun. Each of these equations being of the second order, its comidete in¬ 
tegral would contain two arbitrary constants, and, therefore, the three equa¬ 
tions which determine the place of the planet in its orbit would contain 
six arbitrary constants"When the action of the planets is tahen'into ac¬ 
count, another quantity is introduced into the differential equations, termed 
the perturbing function. Conceiving, then, this function to arise from a 
continuous variation of the six constants in the primitive equations, La¬ 
grange succeeded in obtaining the expressions for the variation of each 
constant, without assuming the ellipticity of these equations. The varia¬ 
tions, w'hen investigated by this uniform process, exhibited a very remark¬ 
able form, being all expressed by partial differentials of tho perturbing 
function, taken with respect to the constants, and multiplied into quan¬ 
tities, which were functions only of the constants. This form presented a 
great advantage in practice, for, as,it wuts qoossible to expand the perturbing 
function into a series of sines and cosines of angles, increasing j)ropor- 
tionally with the time, the secular variations of the elements were at once 
obtained by means of the terms that were exifficitly independent of tlic 
time, while the remaining terms being integrated, and then sul)stituted in 
the formnlse for finding the place of a planet in an elliptic orbit, gave the 
longitude and latitude of the qffauet in the disturbed orbit corresponding 
to any assignable time. Lagrange tben applied bis analysis to the ques¬ 
tion of the invariability of tbe mean distance. Poisson bad not considered 
the effect of the variations of the elements of the disturbing planets, on 
account of the analytical difflculties offered by the perturbing function, 
which did not preserve the same form throughout the investigation wlion 
that supposition "was introduced. Lagrange got rid of this inconvenience 
by transferring the origin of co'-ordinates from the centre of the sun to 
the centre of gravity of the sun and qolanets. The perturbing function 
being then symmetrical with respect to all the planets, the same analysis 
was applicable, whatever might be the planet whose elements -were sup¬ 
posed to vary. ^ Lagrange by this means succeeded in shewing that the 
second approximation would not introduce into the expression for tho 
mean distance any term wdiich increased constantly with tbe time, oven 
when the variations of the elements of the disturbing planets were in¬ 
cluded in the investigation. 

It is right to mention that the variations of most of the elements 
had already appeared in the form under which Lagrange just j)resented 
them. That gieat geometer had so expressed the variation of the mean 

Memoiros de I’lnstitut, 1808. 
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distance as early as 1776, and Xiaplace subsequently obtained siniilar ex¬ 
pressions relativ’-e to the eccentricity, the inclination, and the longitude 
of the node The importance of Lagrange’s researches on the present 
occasion was, however, of a twofold character, for, besides exhibiting the 
variations of all the elements under the same form, the direct analysis 
by Avhich he obtained his results, and the general aspect under which he 
viewed the elements (considering them merely as the six arbitrary con¬ 
stants involved in the complete integrals of the differential equations, 
without reference to their individual functions in an elliptic orbit), seemed 
to indicate a general theory, of which the variations of the elements of the 
planetary orbits served only as a particular illustration. 

On the very day that Lagrange communicated to Laplace the interest 
ing result of his researches on the valuations of the elements, the latter 
exhibited to him analogous expressions, to which he had just been con¬ 
ducted by an investigation of the same subject. Such Avas the rehiark- 
able jiarity of inventive power which distinguished the rival efforts of 
these illustrious geometers, and which so long held the judgment of Eu¬ 
rope ill suspense upon the question of their relative merits ! 

Notwithstanding the identity of the results obtained by Lagrange and 
Laplace on the present occasion, it was not difficult to discern in the re¬ 
searches of each geometer the peculiar bent of his genius. Lagrange, 
who wielded the powers of the transcendental analysis with nnrivalled 
effect, considered the sul ject in its most alistract form, and hy tliis means 
imparted a generality to his researches, which could not fail to lead to 
important results. Laplace, always less enamoured witli the beauty of 
mathematical speculation than he Avas anxious to unfold the system of the 
Avorld, contented himself Avith reducing the o.xpressious for tlie variations 
of the epoch and perihelion to the same form wilh those relating to the 
other elements, not considering Ihcni in connexion \villi aiiy genend ])rin- 
ciple, but simply devriving tluou bom es(ablislicd ronnulic. In clVccting 
this ol)j(‘ct, he was considerably aided by a r<da,li(>n b(‘(,we('n tin; two <*!('- 
merits wliicli Poisson bad recenlly <1 iscoveri'd. 'I’lieso resnlls appeared in 
a supplement to the tliird volume ol' (die JSIrenniijur ( liaplacc ex¬ 

hibited a beautiful illustration of Ibeir ]H'!udieal utility, by emjiloying tlaun 
in the investigation of tlic lunar ineipialilJi's oeeasioiled by llu; spheroidal 
figure of the earth. The expressions wliieli be obtaim’d by (Ids process 
for the inequalities liotb in longitude and latitude coiiieided exactly, in 
all respects, with tliose be bad already arrived at by tlu^ nsnul nuMbod of 
approximation. It is excccdiugly iutiu’esliiig to trace ibe (inal .'igreeineiit 
of two uietliods differing so essentially in llieir original eoneeptioii. 

►Soon after liagraugo and i..a])1a.c(i arrived at tin; above-iix'nliiined results, 
the former of thcsi; geonudi'rs communicated a memoir to (ho Institiile, in 
Avliicli he cxliibited the application of (lie theory of the variation of arbi¬ 
trary constants to all questions of niGichanical scioncci j;. Assurning as 
the basis of liis rosearelics tlie three differential erjnations of the seeoml 
order to Avhicli lie had already shewn, in. the JSKeaniqite A/K/lt/tiqiit’, (hat 
the motion of evciy system of Iiodies might bo reduced, he. siqtposed (lie 
six arbitrary constants of the comjilete.integrals lo vary from the (dTeet of 
a small distarhiiig force and to be represeuted in (lie di iVereutial equations 

Mec. llv. ii. chap. viii. 

Laplace first aunounciul tlicin at fho Hilling of (lie JJtirruu dcs /.onaifuth-s, 17tli of 
August, 1808. 

I Memoircs dc I'lustituf, I*. 2.'>7, et scq. 
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a small quantity termed the perturbing function- He then demon¬ 
strated, by a process similar to that which he employed in tho less gene¬ 
ral case of a planet revolving round the sun, that the expression for tho 
instantaneous variation of each constant contained only terms involving 
partial differentials of the perturbing function relative to the constants, 
each differential being multiplied by a function only of the constants. 

In this memoir Lagrange remarked that tlie same j>i”inciplcs wei*o 
applicable to the determination of the motions of the planets around 
their centres of gravity, taking into account the action of the disturbing 
planets upon the equatorial matter of the disturbed jdanet. Having 
exhibited a statement of the general conditions of the pi*oblem and pointed 
out its connexion with the theory of the variation of elements, he con¬ 
cluded by announcing his intention of making it the subject of a future 
memoir. At no subsequent period of liis life did he carry into effect; this 
resolution; but, indeed, Poisson a few months afterwards roinlered such a 


step unnecessary, by communicating to the Institute an oxecllcnt memoir 
on the subject. Euler first gave the differential equations relative to tho 
motion of a body about its centre of gravity when it has received an initial 
impulse and is not afterwards exposed to the action of any forces. These 
equations being three in number, and of the second order, their conii)leto 
integrals will contain six arbitrary constants. Their integration would 
therefore lead to the equations of a idanet’s motion about its eentre of 
gravity if it were not continually disturbed by the action of tho sun and 
the other planets of the system. By considering tho latter, lu)vvever, as 
so many perturbing bodies which tend to produce a continual chamro in 
the elements of rotation, tlie variations of these elements may bo iii^(\sti- 
gated by a process similar to that employed in determining the variations 
of the elements of the orbit. The formulae for these variatioiiK tlum 

integrated and substituted in tbe primitive equations depomling solely on 
tlm imtial impulse will conduct to three complete equations, by means of 
which the positions of^ the planet’s axis and the velocity of rotation cor- 
msponding to any assignable time may be readily ascertained. By a 
judicious selection of constants, Poisson obtained formuUc for the variations 
of the eluents of rotation exactly analogous to those wliich lau'^ranuo and 
Laplace had already arrived at relative to the orbit of tho planet. ^ d’his 
Iemarkable result constituted the crowning triumph of tho tlu^orv^ of 

system oi me woiId, although differing essentially in coiiccDtion wore 
unexpectedly exhibited in a relation of close affinity and 
was thus enabled to contemplate all the effects of g<-omeim 

thi-ough the medium of the same cmAsSs* Pl'^'>ohu-y pcvUu-bat.ou 

vestigates the expressions for the variations^of memoir Poissoti in- 

problem of Mechanics by a more direct analysis than that 

m his original demonstration of the same results It isVSl ? employed 

l^t-mentioned geometer was conducted about the same tim5 +n 

his own method, (Memoires de Tlnstitut 1809 n It \ ^ similar improvement of 

the theory of the\ariation of arbhrary^onstante complete account of 

found in Ponteeoulant’s TMorie Analutiaue du 41?/^ Poisson’s analysis will be 

chap. ni. See also on this subjfcrfheTevfntetff^IL^r ii. 

Treause on the Differential Morguu’.s 

This chapter contains a concise, but singularly able Useful Knowlcdgii. 

theories of mechanical science. The reader is condiiJKS comprehensive 

threshold of the great problems of the system of the world. ^ them to the very 
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The complete establishment of this sublime theory was the last great 
effort of Lagrange’s genius. We have already remarked 'that Euler’s 
researches contain the earliest traces of the use of the variation of 
elements in computing the perturbations of the planetary motions. Al¬ 
though that geometer, however, has the undoubted merit of first employing 
this fertile method of investigation, the magnificent expansion which it 
subsequently received, and to which it owes all its practical value, is wholly 
due to the illustrious mathematician above mentioned In Physical 
Astronomy, it is indeed very naturally suggested by observation; for the 
elements of the planetary orbits had been already found by astronomers 
to be in a state ^of slow variation, although their elliptic foimis did not 
appear to be undergoing any change. It is in questions of this kind, where 
the perturbing forces are small comi>ared with the principal forces which 
animate the system, that the variation of elements can be most advan¬ 
tageously employed. Lagrange resolved to embody his final researches on 
this subject in a new edition of the Mlkcanique Avialytique ; and with this 
view he undertook a complete revisal of that immortal work; but the 
fatigue he incurred in consequence brought on a fever which cai’ried him 
off before tlie termination of liis labours, on the lOtli Api'il, 1813. 

Lagrange deserves to be ranked among the greatest mathematical 
geniuses of ancient or modern times. In this respect he is worthy of a 
place with Archimedes or Newton, although he -was far from possessing the 
sagacity in physical enquiries which distinguished these illustrious sages. 
From the very outset of his career he assumed a commanding position 
among the mathematicians of the age, and during the course of nearly half 
a century previous to his death, he continued to divide with Laplace the 
homage due to pre-eminence in the empire of the exact sciences. His 
great rival survived him fourteen years, during which he reigned alone 
as the pi'ince of mathematicians and them*etical astronomers. 

In recent times the general theox-y of planetary perturbation has derived 
much improvement from the profound researches of Poisson, Plana, Ivory, 
Lubbock, and other geometers. The most, remarkable innovation is duo, 
however, to M. Hansen. That distinguished geometer coneeivos the 
elliptic elements of the jilanet to be invariable, and assumes the time alone 
to he subject to perturbation f. The method of investigation fouiided on this 
refined notion possesses some important advantages over tho ordinary 
methods employed for the same purpose. M. Hansen has apitlied it with 
success to the theory of Jupiter and Saturn, and also in rosearches on tho 
lunar perturbations. 

The derangements in the elliptic motion of a planet, occasioned by tho 
action of another planet on it, depend upon an algebraic expresBion, in¬ 
volving the mutual distance of the two planets, and termed the perturbing 


* Euler explained the method of tho variation of elements in his memoir on the 
perturbations of the planets, which he transmitted to the Academy of Sciences in 1756 ; 
but bis investigation was imperfect, because be omitted to take into account tho varialioii 
of the epoch. The same defect characterized the researches of Lagrange, which appeared 
in the volume of the Turin Academy for 1763- It was not uxitil he published his famous 
memoirs on the planetary perturbations in tho volumes of the Berlin Academy for 
1782-3-4, that the last-mentioned geometer gave a complete theory of the subject by 
investigating the expressions for the variations of the six elements of tho undisturbed 
orbit. 

+ Pont^coulant has expounded this method in the Oonnaissance des Temps for 1837. 

I 
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function.^ Before any progress can le made in computing these pertur- 
TDations, it i§ necessai'y that the algebraic expression on which they depend 
should be decomposed into indi-vidual terms. This object is generally 
effected^ by expanding the function into a series of sines and cosines of 
angles increasing proportionally with the time, and arranged according 
to ascending powers of the eccentricities and inclinations. If no other 
operation was necessary, and the inequalities were represented by the terms, 
simply as they appear in the expanded function, the computation of those that 
are of sensible magnitudes would not be very troublesome; for, as the eccen¬ 
tricities and inclinations of the planets are generally very inconsiderable, 
at least if we except the smaller planets, the series converges with great 
rapidity; and for all purposes of comparison between theory and observation, 
it would not be necessary to take into account any terms beyond those of 
the second order with respect to these quantities. But this is by no means 
the real state of the question. After the perturbing function has been 
expanded in the form just mentioned, it undergoes two successive inte¬ 
grations before the terms composing it can be made subservient in 
representing the planet’s inequalities in longitude. By this process 
the circumstances of the problem are totally altered, and its difficulties 
in a vast degree augmented, for it may haqopen that a term which is 
quite insignificant in the original expansion will acquire by double 
nitegration a diyisor which will render it very considerable This 
divisor is a multiplier of the time in the original terms of the e.xpanded 
function, and it is generally formed by combining together in endless ways, 
by addition and subtraction, the mean motions of the disturbing and dis¬ 
turbed planets. The geometer, therefore, cannot safely reject any terms 
in the expanded function from a mere regard to their order in the series, 
unless he has assured himself at the same time that they cannot be affected 
to a sensible extent by any of the divisors depending on the various com- 
mnations of the mean motions. It is this circumstance which occasions 
the necessity of calculating the terms of the third and even the fifth orders 
m the tlmory of Jupiter and Saturn; and indeed a similar course is in- 
aispensable w'hen the question refers to any of those inequalities of long 
duration which extend over several revolutions of the disturbing and dis- 


The expression for the longitude contains a term of the form in which 

function, s the epoch of the disturbed planet, and 7t a constant 
^ y’ } when expanded, is found to contain a series of terms of tlio form 

JP cos ^ (in — i t -j- ts. /s -j- Q^ , in which n denote the mean motions of the 

of ^the^eccentrfe^hes^^^rl epochs, i i'any integers whatever, jP a function 

ot the eccentncities snd inclinations of the two planets, and Q a function of the 

perihelia and the nodes. Hence h T f ™-ii * • • . . , . 

t ^ contain a series of terms of the form 

{in — ^ Q J, and it is clear that if in any case z 

eTardftItgl fTJat ‘I MghoXISSSte b? considorablo, 

example, in the theory of Jupiter and Saturn 5 « is verv^np^inclinations. For 
arises the famous inequality in the lono-iuirll? n? ^ 7 to 2 and hence 

to trace to its true physicafsource! ^ ° ^ planets which Laplace was the first 



JUSTORY OP PHYSICAL ASTBQHOMY. 


115 


ttirlied planets As the terms to he taken into accoimt rise in degree 
the labour of computing the coefhcients increases -with frightful rapiditv. 
With the Tiew of facilitating the researches of geometers, Burcliardt 
calculated all the terms of the perturbing function to the sixth powers 
of the eccentricities t- It still remained to execute a similar calcula¬ 
tion with respect to the inclinations. This laborious task was per¬ 
formed by Binet, who carried the developement to the seventh powers 
of the eccentricities and inclinations. This has been found to be amply 
sufficient for computing the perturbations of the older planets, but 
it is by no means* 80 , when the question refers to the small planets lying 
between the orbits of Mars and Jupiter, or when the perturbations of 
comets are considered. In both these cases the eccentricities and incli¬ 
nations are so considerable that the terms of the disturbing functioxr con¬ 
verge with extreme slowness; and on this account, it is necessary to cal¬ 
culate a much greater number of them than in the theory of the older 
planets, in order to attain an equal degree of accuracy. Geometers appear 
to have abandoned all hopes of determining the coefficients of the higher 
terms by the ordinary process of algebraic developement, the operation 
rapidly assuming so complicated afornn as to become totally unmanageable. 
Other methods have accordingly been devised for- effecting this object. 
One of these is founded on the principle of mechanical quadratures 
M. Hansen has determined the coefficients of the disturbing fuiiQtion by 
this method in a memoir on the theory of Jupiter and Saturn which ob¬ 
tained for him the prize of the Academy of Sciences of Berlin. 

Another method consists in giving particular values to the disturbing 
function, and then, by means of the equations formed between them and 
the corresponding values of the series, eliminating as many coefficients as 
may he deemed desirable. This method has been practised with complete 
success by M. Le Verrier in computing tlie perturbations of IJrauus by 
Stiturn §. 

* We have mentioned in the preceding note that Jl contains a series of terms of tlu* 
foi'm JP cos ^ (in — i'n') t j s. —■ /s' -)- Q Now the lowestterm.swhich involve any 

given values of i i' arc of the order i — i' relative to the eccentricities and inelinations. 
The next lowest terms having the same arguments wovild he of the order i — i' + 2 ; and 
the order of the succeeding term swould increase by 2 at each step. For exatnple, if 
2 = 5 and i' = 2, tlien the lowest terms of the form 

JP cos ^ (5n — £-\- 5 « — ‘2 i -\- q'^ 

would be of the third order; the next lowest of the fifth order, aiul so on. Menco we 
perceive the reason why the terms upon which the long'inequality of .hipiter and fciaturn 
depends, are at leant of the third order. Similarly in the long inequality of the Karth 
and Venus, which arises from the smallness of liJ « —8 ti', the terms are at lea.st of the 
fifth order. 

f Memoire.s de 1’In.stitut, 1808. 

:j: This method, the germ of which maybe traced to D’Alembert, forms tlu; sul)J(it’t of 
two papers by Poisson, which appear in the volumes of the Connaissanc.e deti Tempst for 
1825 and 1836. Pont^jeoulant has explained it in his Thdorie Anahjtiquc dit Sytiti un'. cht 
Monde, and has also given an example of its application in computitifg the great iiunjnality 
of Jupiter and Saturn. See the work just cited, tome iii. liv. vi. chap. vi. vii, .x.xi. 

§ Mecherches sur le Mouvement de la JPlanilf.e TIerschel, Connainnance den 7\:mpn\ 
1849. Le Verrier does not give the details of his investigation (jf the pcrtiirl)ntiou.s of 
XJranus by this method, his object being merely to shew the accordance of its r<!sults with 
those he obtained by the ordinary method of algebraic developement. In a nieinoir already 
published by him (JDeveloppeinens sur di^erents pof/iAs de la' IVitorie den X^erturhationB 

I 2 
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"We have given some account in a previous chapter of the researches of 
Lagrange and Laplace on the secular inequalities of the planetary motions, 
and have also mentioned the results to which they were conducted 
relative to the stability of the system of the world. Laplace de¬ 
monstrated that neither the eccentricities nor the inclinations would in- 
erease indefinitely with the time, but he did not assign any means of 
determining the exact limits between which they would perpetually oscil¬ 
late. Tt is conceivable, indeed, that both elements might vary to a con¬ 
siderable extent, without invalidating the famous theorems of that geometer 
relative to their limits. Le Verrier found that a small planet revolving 
round the sun at twice the mean distance of the earth would be _ so 
disturbed by Jupiter and Saturn that the inclinations of its orbit relative 
to the orbits of those planets would attain considerable magnitudes, 
even although they were originally very small Now it is remarkable 
that the small planets discovered between the oi'bits of Mars and 
Jupiter, whose inclinations we know to be greater than those of the 
other planets, have all been found to revolve in the neighbourhood of 
this region. Le Verrier also found a similar region between Mercuiy 
and Venus, in which, if a small planet revolved, its inclinations relative 
to the orbits of the Earth and Venus would experience considerable 
variations from the disturbing action of those planets. 

The, only definite conclusion which could be drawn from Laplace’s re¬ 
searches, was that the expressions for the eccentricities and inclinations 
would consist of a series of sines and cosines of angles, increasing with 
the time, but would not contain any term involving the time, tvithout the 
functional symbols. It still remained to compute the numerical values 
of the constants entering into these terms, in order to ascertain the values 
of the elements corresponding to any time, past or future, and to assign 
the exact limits within which they would perpetually oscillate. This 
operation, however, was one of extreme difficulty, for it involved the resolu¬ 
tion of an algebraic equation, equal in degree to the number of planets 
whose mutual action was considered, and demanded also a most laborious 
process of elimination. Lagrange made the first successful attack on this 
problem, by the aid of an ingenious simplification, which consisted in 
grouping the j)lanets into two systems, one composed of Jupiter and 
Saturn, to which he subsequently added Ui’anus; and tlie other composed 
of Mercury, Venus, the Earth, and Mars, taking also into account the 
action of the larger planets ujpon each of these bodies. By this process 
he found that the eccentricities and inclinations would continually oscil¬ 
late between very narrow limits, and he assigned the numerical values of 
the limits for each planet. This investigation of Lagrange’s, although 
valuable as a first attempt to establish an important point in the system 
of the world, was considerably vitiated by the erroneous values he assigned 
to the masses of the smaller planets, especially Venus, the mass of which 
he estimated at a half more than its true value. In more recent times, 
when the masses of the planets and the elements of their motions camo 
to be ascertained with greater accuracy, a strong desire was felt that the 

des Plankes, No. 1) he explained the ingenious process by which he eliminated the co¬ 
efficients of the disturbing function. A translation of this memoir is given in Taylor's 
Scientific Memohs, part xviii. See also on this subject a paper by Sir .lohn Lubbock, in 
the Philosophical Magazine for August, 1848. 

^ * MSmoire sur les Mouvements des Tnclinaisons ef des Nceuds des trois Plandtes Ju^- 
piter, Saturn et Uranus, 
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question should he submitted to a fresh, investigation. This task was 
undertaken by Le Veriier, who took into account the simultaneous action 
of the seven planets This excellent geometer was conducted by his 
researches to some very interesting conclusions. He found that after the 
lapse of a few hundred years, LagrangC’s formulae for the elements would 
become inaccurate; but it is i-emarkable that the superior limits of the 
eccentricities as assigned by that geometer did not differ materially from, 
those obtained by Le "Verrier. This circumstance depends upon a 
curious relatioh which Le Verrier found to connect the variation of tlie 
limit, with supposed errors in the masses of the disturbing planets. He 
discovered, in fact, that the limit would vary only to a very slight extent, 
even although considerable errors were committed in the estimation of 
the masses. This theorem is true with respect to all the planets, 
except the Earth and Venus. The coincidence in these two instances 
depends upon the particular value which Lagrange assigned to the mass 
of Venus. By employing any other value of the mass, he would have 
obtained very different values for the limits of the eccentricities of the 
two planets f. 

A remai'kable period which Le Verrier has considered in connexion 
with his researches on the secular variations, is that which would restore 
the eccentricities and perihelia of the three superior planets, Jupiter, 
Saturn, and Ui'anus, to the same mutual relations. When the slowness 
with which these elements vary, is taken into account, oue might reason¬ 
ably suppose that many millions of years would elapse before such a re¬ 
storation could take place. Ee Verrier found, however, that a period of 
nine hundred thousand years would sufhee for this purpose, although 
the elements of the planets will have passed through all their values only 
a small number of times in that interval, and the elements of Uranus will 
have completed only one cycle of their values. He considers that the 
error of this period does not exceed four thousand years, or if® 

computed value. 

The researches on the secular variations of the planets had hitherto 
been confined to the first powers of the eccentricities and inclinations. 
As these elements vary with extreme slowness, it was supposed that the 
effects of the sui^erior powers would be very insignificant, and that their 

* Pentecoulant liad calculated the expressions for the elements of the seven planets, 
and published his reseai’ches in the third volume of his Theorie Analytique du Syst^me 
du Monde, but Le Verrier, upon comparing them with his own results, found them to be 
totally erroneous. For further particulars in connexion with this circumstance, see the 
Comptes Rendus, tome ix. p. 550, tome x. pp. 539, 739, tome xi. pp. 872, 881; see 
also the Connaissance des Temps for 1843, A.dditions, p. 24. 

-f The following are the superior limits of the eccentricities of the six older planets, as 
assigned respectively by Lagrange and Le Verrier. 

Lagrange. Le Verrier. 

Mercury. 0.22208 0.22565 

Venus . 0.08271 0.08672 

The Earth... 0.07641 0.07775 

Mars .. 0-14726 0.14224 

Jupiter .. 0.06036 0.06155 

Saturn . 0.08408 0.08492 

It would be difficult to account for the near agreement of these results, except by the 
theorem alluded to in the text, relative to the errors in the values of the masses. Le 
Verrier has fixed the rainiraum value of the Earth’s eccentricity at 0.003314; whence 
it appears that her orbit will never attain a circular fornn, as some persons have imagined- 
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compatation would not alter any of the conclusions at which geometers 
had arrived relative to the stability of the planetary system. Le Verrier, 
in a second memoir on the secular variations of the planets, investigated 
this subject by carrying the approximation to the third powers of the 
eccentricities and inclinations The.result of his researches was in some 
respects contrary to what hadbeen anticipated. He discovered that the terms 
of the third order produced effects which very soon became sensible, and 
therefore could not be neglected. With respect to the stability of the 
system, he found that when the planets Jupiter, Saturn, and Uranus 
were considered, the introduction of the terms of the third order had the 
-effect of confirming the results of previous researches on the subject; but 
when the question refei’red to the four smaller planets, it was impossible to 
arrive at any definite conclusion, on account of the uncertainty that ex¬ 
isted respecting the masses of those bodies. 

The theory of the moon has in all ages occasioned much trouble to 
astronomers. Some of the irregularities in the motion of that body are of 
such magnitude as to force themselves upon the notice of the observer, 
even in a very rude state of astronomy, and a strong desire has in conse¬ 
quence heen always felt to ascertain their real character. In more recent 
times the advantage of a knowledge of the mooir’s motion in promoting 
the purposes of geography and navigation, and in affording a ready means 
of testing the theory of gravitation, has imiDarted an unusual degree of 
interest to the study of her various inequalities. Towards the close of 
the eighteenth century the most esteemed tables of the moon were those 
of Mayer, revised in 1780 by Mason. In 1798 the Trench Institute, 
desirous of obtaining corrections of the elements of her motion, x^roposed 
as the subject of a prize, tlie determination of the mean places of the 
apogee and ascending node of the lunar orbit, by means of at least 500 
observations. This prize was awarded to Uurg, an astronorner of Vienna, 
who employed in his calculations as many as 323S observations. Tables 
were then constructed by him upon the basis of tlie corrected cloments. 
The arguments of the equations were derived from Laxdace’s theory, but 
the coefficients were determined by observation. In one instance only 
were so few as 668 equations of condition employed in determining tbo 
value of a coefficient. Having compared his tables with the observations of 
Bradley and Maskelyne, Burg discovered a general discordance in the 
exDochs which he was unable to account for. Similar errors presented tlioni- 
selves when he instituted a comparison between the computed longitudes, 
and the observations of Lahire and Tlamstead, towards the close of the 
seventeenth century. Baplace suspected that the errors were produced 
by some x)eriodic inequality of long duration ixi the moon’s mean longitude, 
and he pointed out two equations, either of which might possibly bo 
the cause of them. One of these depended on the disturbing action of 
the sun, and had for its argument twice the longitude of the moon’s node, 
Xolus the longitude of her perigee, minus three times the longitude of fbo 
sun’s perigee. Its period amounted to 184 years. The other equation 
depended on the fact that the figure of the earth is not symmetrical on 
each side of the equator. It had a period of 179 years. The equation, 
dex^ending on the action of the sun, being of the tenth order of magnitude, 


* It is easy to see from the form of the expressions for the variations of tho elements, 
that the next step in the approximation will introduce the third powers of tho eccen¬ 
tricities. 
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Laplace did not undertake the excessive labour of calculating its maximum 
value. Burg, however, selected it for the purpose of representing the 
errors of the tables, applying to it an empiric coefficient equal to 15" 
In 1812 Burchardt obtained corrections of Burg’s eleinents, which ho em¬ 
ployed in the calculation of new tables. lie rejected the equation of 
long, period depending on the action of the sun, and substituted instead of 
it, the equation which Laplace attributed to the difference between the 
two hemispheres of the earth. This equation was not calculated imy 
more than the other; Burchardt merely endeavoured to satisfy the ob¬ 
servations by applying to it an empiric coeliicieiit equal to 1 2^'.5. 

The lunar tables were hitherto principally indebted to observation for 
the details as well as the groundwork of their'construction, since the ar¬ 
guments alone of the equations were derived from theory. As this cir¬ 
cumstance was considered derogatory to the dignity of Physical Asti’o- 
nomy, the French Institute in 1824 proiiosed as the subject of a prize, 
a theory of the moon’s motion which should only exact from observation 
the data required to determine the six fundamental elements. Two me¬ 
moirs were deemed worthy of being crowned; one by Lainoiseau, the 
other by Plana and Carlini. The former of these has been published in 
the third volume of the “ Memo ires cles Savans IJ'/trangers the latter 
has not been given to the world, hut aii elaborate work on the same sub¬ 
ject, and avowedly executed upon the same plan, was published by Plana, 
in 1832'!s Damoiseau has used Laplace’s method of investigation ; but lie 
has carried the approximation to a much greater extent than that illus¬ 
trious geometer has done. Plis memoir has heon much admired for tlie 
clearness which loervades its vast expansion, and the beautiful symmetry 
•which distinguishes the arrangement of the terms. He calculated tables 
of the moon solely by the aid of his theoiy, which have been regarded as 
at least equal to any of those in previous use. The metliod of Plana 
agrees essentially with that pursued by Clairaut and his successors ; but 
he has introduced into it several ingenious luodirications. Tlie ontu *0 


researclies of this distinguished geometer cxVilbil. tlic most ctnmnanding 
mastery of his subject. It is impossible to rej^ress a feeling of sympathy 
for the author, when he informs us that tlirougliouL all tlj (3 inimenso calcu¬ 
lations of this work, he had not the heneilt of a single assistant t. 

Damoiseau, as w^ell as Plana and Carlini, found reason to believe tliat tlio 


equations of long period, suggested by Laplace, did not possess sensible 
values. Laplace, who always had strong misgivings respecting the mag¬ 
nitude of these equations, concurred in this opinion, and it was now ge¬ 
nerally admitted that the errors in the moon’s epoch could not be ac¬ 
counted for by an equation of any known form. Carlini in X82'l sug¬ 
gested four equations for the purpose of reconciling the tables witli ob¬ 
servation. Some of these he considered to he preferable to Laplace’s, but 
he maintained that the errors were best rejjresented by a term depending 
on the square of the time. The admission of this explanation would have 
been tantamount to an abandonment of the question.; hut such a course 
would have been a reproach to the advanced state of Physical .Astronomy, 
and could not on any account he sanctioned. 


* Theorie du Mouvement de la Lune, 3 tomes 4to, Turin, 1832. 

d* “ Je n’ai pvi me faire aider par personne ; j’ai du traverser soul, cetto longue eliaiiio 
de calculs, et il n’est pas 6tonnant si par inadvertence, j’.-ii omis quelques tonnes (ju’il fail- 
lait considerer pour me confonner a, la rigueur de mes propres principos.”—Discoura 
Preliminaire, p. xii. 
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Six Jolm HiubT^oek lias investigated the lunar perturbations in some 
valuable papers which have appeared in the volumes of the Royal Society, 
and also in a special treatise on the subject. The most remarkable inno 
vation which he has introduced into his researches is that of employing 
the mean longitude of the moon as the independent variable. This is 
the practice which had always been pursued in the planetary theory, but 
in the limar, it had been hitherto deemed more convenient to derive the 
mean longitude in terms of the true, considered as the independent 
variable, and then, by the reversion of series to obtain the exxiression for 
the true longitude in terms of the mean. The eminent geometer just 
mentioned conceives, hovever, that the use of the mean longitude as the 
independent variable conduces to greater simplicity in practice, even when 
the question relates to the lunar perturbations. His exainj)le was soon 
afterwards followed by Poisson, who introduced another important innova¬ 
tion into the lunar theory, by employing in his researches the method of 
the variation of elements 

The only difficulty which still continued to attach to the lunar theory 
arose from the errors in the mean longitude, which had occasioned so 
much fruitless discussion since the commencement of the nineteenth 
century. Although the inequality of long period, clexoending on the action 
of the sun, which Laplace suggested as the probable exj)lanation of 
these anomalies, was generally believed to be insensible, still, as no 
attempt had been made to calculate its real value, the question as to its 
adequacy to account for the errors of the tables continued to he involved in 
doubt. Poisson, having examined this point with great attention, dis¬ 
covered the important fact that the disturbing action of the sun could not 
produce an inequality in the moon’s mean longitude of the form indicated 
by Laplace. He then considered the inequality depending on the 
difference in the compression of the two hemispheres, and he found, as 
Laplace had already done, that it was q^uite insensible. Sir John Lubbock, 
about the same time, very simply arrived at a similar conclusion by the 
aid of his own formulae. 

Lonbts now began to he entertained respecting the accuracy with which 
the observations were reduced, for the theory of gravitation was found to 
be so_ satisfactory in all other respects that it seemed impossible to quos- 
lion its adequacy to account for all the real irregularities in tbe motions of 
5 ^.®.^ step, however, was at length taken which esta- 
blishci in tne clearest liglit tlie actual existence of tlie plieiiomeiion, and 
terminated in the triumphant vindication of Newton’s principles. Por 
some years past all the ohservations on. the sun, moon, and planets, which 
ia\e been made at Oreenwicli since tlie middle of tlie last century, liavo 
been undei'going a course of reduction conformably to a uniform' plan 
under the able superintendence of the present Astronomer Royal. Xn 
3 846, the lunar observations w^'ere so far completed as to 
enable Mr. Airy to obtain fresh corrections for the elements, and with 
these the epochs were calculated for different times and compared with 
corresponding observations. This comparison had the effect of confirmiixff 
by the most decisive pidence the researches of Rurg and other astrono¬ 
mers. It appeamd evident that the epoch was affected by some iiioqualitv 
of very long penod, and probably of a very complicated form. Mr. Airy 
aware that M. Hansen was then engaged with the lunar theory, transmitted 

* Mem. Acad, des Sciences, 1835. 
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to liim th.e data lie had just obtained, under the full assurance of that 
illustrious mathematician’s competency to investigate the intiicacies of 
the moon’s perturbations- As Poisson and Pubbock had already shewn 
that the errors of mean longitude could not be traced to the direct action 
of the sun, or the disturbing influence of the earth’s figure, the question 
was narrowed to the investigation of the effects produced by the action of 
the planets, which had been hitherto supposed to he almost insensible. 
Hansen, guided by his profound luiowledge of the theory of perturbation, 
undertook a rigorous scrutiny of all the inequalities of long p>eriod which 
appeared likely to afford an explanation of tlie errors of the tables. He 
calculated many equations of this nature that were found to be insensible; 
but he finally discovered two depending on the action of Venus, the 
magnitudes of which were totally unexpected. One of these arises from 
the fact that sixteen times the mean motion of the earth, plus the mean 
motion of the moon, minus eighteen times the mean motion of Venus, is 
a very small quantity. Indeed, when its numerical value is computed, it 
is found to amount only to about th of the moon’s mean motion. 

How the terms of the perturbing function which have this quantity for a 
multiplier of the time under the symbols sine or cosine, although of the 
third order with respect to the eccentricities and inclinations, will acquire 
by double integration its square as a divisor, and will on this account 
form an equation of considerable magnitude in the expression for the 
longitude. Hansen found the maximum value of this equation to amount 
to S7''^.4, and its period to 373 years. The other equation depends on 
this—that the difference between thirteen times the mean motion of the 
earth, and eight times the mean motion of Venus, is a very small fraction. 
Its maximum value amounts to 0,3''.Q,, and its period to 339 years. The 
inequality represented by this equation is manifestly analogous to the long 
inequality in the earth’s epoch discovered by Mr. Airy. Indeed, it is not 
difficult to see that the latter inequality will occasion a variation in the 
mean value of the disturbing action of the sun, and will thereby give rise 
to an inequality of a similar nature in tlie moon’s longitude. 

These two inequalities discovered by M. Hansen, when applied to the 
moon’s computed longitude, completely account for the errors in the tables, 
wliich had so long perplexed the astronomers and mathematicians of 
Europe. The lunar theory may, therefore, now he considered as divested 
of all serious embarrassment; and in its present state it undoubtedly 
constitutes one of the noblest monuments of intellectual research which 
the annals of science offer to our contemplation. Trom the age of 
Hipparchus down to the present day, the complicated movements of the 
moon have formed the subject of anxious enquiry. One by one have her 
numerous inequalities been detected, and their laws ascertained, until the 
astronomer is finally enabled to predict her place with all the accuracy 
called for hy the most refined appliances of modern observation. Perhaps 
no other part of astronomy exhibits so many unequivocal triumphs of the 
theory of gravitation as the reseai-ches connected with the moon’s motion. 
The coincidence between the deductions of the geometer and the results 
of actual observation is truly astonishing, when one considers the intricacy 
of the subject. Newton furnished incontestable evidence of the truth of 
his principles when he calculated the motion of the moon's nodes to within 
part of the actual motion. In the present day, however, the theories 
of Plana and Damoiseau assign the motions of the apsides and nodes to 
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witMn part of their observed values Euler conceived that 

the disturbing action of the planets would offer unsurmountable difficulties 
towards arriving at a complete theory of the moon’s motion, and he 
asserted that this circumstance would for ever prevent astronomers from 
reducing the error in the computed place of that body below 30"t. This 
statement is well calculated to suggest the important character of the 
results to which M. Hansen has been conducted by his researches in the 
present instance 

The moon’s mass has been variously estimated by astronomers. Newton, 
by a comparison of liis theory of the tides with observation, concluded that 
it amounted to the earth’s mass being supposed equal to unity §. 

Laplace similarly inferred from the height of the tides at Brest that the 
moon’s mass was equal to This result is considerably less than 

that assigned by Newton ; but Laplace conceives that on account of the 
influence of local circumstances on the height of the tides at Brest, the 
real value of the moon’s mass is even still less. He, therefore, determined 
the mass by other methods, and estimated its most probable value by 
taking a mean of all the results. Three distinct methods offer themselves 
for this purpose, besides that suggested by the theory of the tides. One 
of these depends upon the fact that the force which retains the moon in 
her orbit, as indicated by her periodic time and observed distance, is duo 
not merely to the action of the earth, hut to the united actions of the 
earth and moon. Hence, hy computing the force in this manner, we 
get the sum of the masses of the two bodies, and if the earth’s mass 
is already known, the moon’s mass becomes knowi also. Adopting 57' 
1S".03 as the mean parallax of the moon, Laplace obtained by tins 
method for the value of her mass. 

Another method for determining the moon’s mass is suggested hy the 
inequality in the sun’s longitude, depeudiug on the displacement of tlic 
earth from the common centre of gravity of the earth and moon. Since 
this is the point to which astronomers refer the computed place of the 
earth, it is clear that the motion of that body round it will genei'ally cause 
the computed and observed places of the sun to differ. When the moon 
is in syzigees the inequality vanishes; for then the ‘sun appears in the 
same position, whether observed from the earth, or from the centre of 
gravity of the earth and moon. It manifestly attains its maxiimini value 
at the quadratures, where the lines drawn from the sun to the earth and 

* See Poisson’s Memoire du Mouverneni de la Lune autour de la Terre, Mem. Acad, 
des Sciences, tome xiii. 1835. 

+ “ Au reste je ne doute pas, qu’en corrigeant les lieux moyens de I’apogee et, da noeiul 
dans les fables ordinaires, on ne puisse par ce moyen parvenir 3. determiner le lieu de la 
lune a 30" pres. Or pour un plus haut degrS de precision on ne saurait jamais I’espcrer 
k cause de Taction des autres planetes k laquelle la Lune est assujetie.” Theorie dc la 
Lune, Prix de TAcadetnie, tome ix. 

J Since the preceding lines were written, we have ascertained that at the meeting of 
the Astronomical Society for September 1848, Mr. Airy communicated the corrections 
of the elements of the lunar orbit, deduced from the Greenwich observations from 1750 
to 1830- When we consider the extent and accuracy of these observations, embracing 
the united labours of Bradley, Maskelyne, and Pondj and the eminent talents of the 
astronomer who has superintended their reduction and discussion, w’e may confidently expect 
that the results which have been obtained by means of them, will impart greater precision 
to the lunar tables than any others of a similar character that have yet been arrived at. 

§ Piineip.lib. iii. prop. 87, cor. 4. 

II Mec. Cel. liv. vi. chap. xvi. 
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to th .0 ceiitro of gravity of th© earth and moon, diverge most from eack 
other. Now the amount of this divergenco depends on the relative 
distances of the earth and moon from thoir common centre of gravity, 
and these again depend on the relative masses of the two bodies. J 1 cnee, 
when the maximum value of the inequality is determined by ol>acrvaiion 
and the mass of the earth is at the same time known, the muss of the 
moon becomes known also. Now Delambre inferrod, from a great numbiu* 
of observations on the sun, tliat the ma.vimnm value of the lunar ('»iuidri<jn 
was This result gave Taplace <^^.5 for the value of the moons 

mass. 

The third metliod which Laplace employed for detertnining the liutouk 
mass is suggested by the inequality of nutation.. This inequality being 
due to the action of the moon on the terrestrial spheroid, it is clca.r that a 
comparison of its observed value with the formula for it, furnished l*y 
theory, will lead to a knowledge of the moon’s mass. Xjaplaeo tissuined 
the maximum value of nutation to be as estimated by Maskulyne, 

and hence infei'red that the moon’s mass was equal to 

Comparing together these different results lie finally lixod upon 
the most probable value of the mass. 

The researches of succeeding astrononun-a generally haul to tin' ctoi- 
clusion that the real value of the moon’s mass is soinewbat less than 
the estimate of Laplace. It is fortunate tliat this is a point, in which 
great precision is not called for by the c.visting slate of science. 


CHAPTER XI. 


Theory of the Perturbations of the larger Planets.—Theory' of Mcr<!iiry_R<‘searehi!.s 

of Le Verriei'.—Theory of Venus.—Dettirniination of its Mass.— 'Theory of the 

Earth-Solar Tables. — Delambre-.—Long Inequality depeiidivig on the ib'tiou of 

Venus discovered by Mr. Airy. —Theory of IVlatvs.^—Evaluation of it.s I\Ia.ss..^—'Theory 
of Jupiter.— Calculation of the 'rerrns of the Long Iuc>quality Iuv<dviug the I'dlFi 
Powers of the Eceentricitics.— Researches of Plana.— t.’orreeliou of tluj value of Ju¬ 
piter’s Mass.—Theory of Saturn—Researche.s relativt* to the dtderuiiuntion of its 
Mass-—Theory of Uranus.— Its anomalous Irregiiluritses—IXiwove.ry of an Exterior 
Planet by means of them.—Theory of the Sinalhvr Idanets. •-•-ilanseru—LulthtM'k.-— 

Theory of Comets_Researches on the Motion of Eneke’s Comet.—. IlypothoHiH of fi, 

Resisting Medium-Perturbations of HalU!y’.s Cornet ealoulatrul.— Sntellite.s <*F Jujriter, 

Saturn, and Uranus,— Detornunation of tiro Muh.s of Saturu’.s .Ring, by lirMtil,— 
Libration of the Moon. — Nicollet.—Theory of the Figure of the Earth,—Reiearchc.s 

of Ivory on the Atli-action of Elliptic Spheroids-Exjieriments with the Pendulum.—- 

Mean Density of the Earth.—Motion of the Earth about its Centro of Gravity.— 
Poisson—.Researches on the Uldes.—Oscillations of the Atmosphere,-—-Experhnont;; 
■of Colonel Sabine. 


Although the methods devised by the naatlicmaticians of llio last e.onlurv 
for tlie purpose of computing the effects of planetary porturlttition were <u>nl- 
pletG in so far as the more important hodi<3s of the system were concerned, 
there still remained, even in this part of the theory, variou.s points which 
called for further investigation. The masses of the planets in some casoji 
required to bo determined upon more satislactory principles, or by means 
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of more precise data; wlaile, in otlier cases, there appeared discordances 
in tTie results obtained by difEerent metliods, the origin of wMch. it was 
desirable to ascertain- Perplexing eri'ors also began to creep into tlie 
tables of seyeral of tbe planets, and once more threatened to tarnish, the. 
fair fame of the Newtonian theory. It is gratifying to reflect tbat these 
anomalies, one by oiie, have yielded to the researches of the geometer, and 
the law of gravitation still I'etains the character of simple grandeur by which 
it was distinguished, when first announced by its immortal discoverer. 

- The planet Mercury, notwithstanding its insignihcance, has in all ages 
given more trouble to astronomers than auy other of the older planets 
of the system. This has mainly arisen from the imperfect chai'acter of 
the observations, by means of which the elements of its motion have 
been determined; for, previous to the invention of the telescope, it could 
only be seen a little before or after sunset, when the vapours of the 
horizon rendered it difficult to ascertain its precise place. It is clear, 
also, that the magnitude of the eccentricity wonld tend to aggravate the 
effect of any error in the position of the orbit. The transits of the 
planet across the sun’s disk afford a favourable means of testing the theory 
of its motion, and serve as valuable data for the correction of the ele¬ 
ments. The earliest transit which history records took place in 1631, 
A.n. Kepler had predicted the phenomenon by means of the Ro- 
dolphine tables, and Gassendi bad the good fortune to witness its occur¬ 
rence. The accordairce between theory and observation was found to be 
pretty satisfactory, but it may be considered as the effect of a fortuitous 
combination of circumstances, rather than the result of well established 
principles ; for, at a subsequent pjeriod, Hevelius and his assistants were 
compelled to remain four days at their telescopes, waiting for a similar 
phenomenon. Halley’s tables of the planets were fonnd to give the 
times of the transits with greater precision than those of any preceding 
astronomer, but still the errors frequently amounted to several hours, 
hialande, after a long course of persevering efforts, published tables of 
tbe planet, which he conceived to possess all desirable accuracy. In the year 
1786, a transit, calculated by means of them, having been announced to take 
place, the day appointed for the occurrence of the phenomenon was looked 
forward to with great interest by the Parisian Savans. “ At sum'ise, ” says 
Pelambre, “ it rained ; all the astronomers of Paris were at their tele¬ 
scopes, but, fatigued with waiting, and no longer retaining any hope, they 
qmtted their p>laces half an hour after the time announced for the planet’s 
egress from the sun’s disk. I resolved to wait till the moment indi¬ 
cated by Halley’s tables; but such a degree of perseverance was unne¬ 
cessary, for the pohenomenon took place three quarters of an hour later than 
the time fixed for it by Lalande, and three quarters of an hour earlier than 
that assigned by the tables of the English astronomer.” Lalande was ex¬ 
ceedingly annoyed by this circumstance, more especially as he had previously 
denounced a transit recorded by Wing, merely on the ground that it did 
not conform to his theory. Nowise daunted, however, he resumed his 
researches on the planet, and tinally calculated tables, which, if not as satis¬ 
factory as could be wished, were certainly far superior iir accuracy to any 
that had hitherto appeared. The first improvement which they received 
is due to Lindenau, who published new tables of the planet in 1813. His 
researches were founded principally on 17 recorded transits. He con¬ 
cluded from his results that the motion of the planet could not be suffi¬ 
ciently accounted for, without assigning a considerable increase to the 
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mass of Venus. In II 844, Ije Terrier instituted a profound examination 
into tlie tlieory of Mereury. He calculated all tlie terms of perturbation 
which could sensibly affect the motion of the planet, and then employed 
them in the formation of preliminary tables, for the pui'pose of obtaining 
corrections of the elements. His researches were based on about 400 
meridional observations of the planet, made at the Royal Observatory of 
Paris during the present century, and also on a considerable number of 
transits, all of which he submitted to a careful discussion before intro¬ 
ducing them into the equations of condition. Having in this manner ob¬ 
tained new elements of the planet, and also a correction for the mass of 
Venus, he constructed tables, which were found to represent the observa¬ 
tions with wonderful precision. The following interesting account of a 
transit which had been pjreviously calculated by means of them is given 
by Mr. Mitchell, of the Observatory of Cincinnati, in the United States: 
—“Rive minutes before the computed time of the contact, I took my 
place at the instrument; the beautiful machinery that carries the telescope 
with the sun was set in motion, and the instrument directed to that part 
of the sun’s disk at which it was anticipated the contact \vould take place. 
And there I sat, with feelings which no one in this audience can rea 
lise. It was my first efTort; all had been done by myself. After remain 
ing there for w'hat seemed to he long hours, I inquired of my assistant 
how much longer I would have to wait; I was answei’ed four minutes. I 
kept my place for what seemed an age, and again inquired as before; he 
told me that but one minute had rolled by. It seemed as if time had folded 
his wings, so slowly did the moments crawl on. I watched on until I 
was told that but one minute remained, and within sixteen seconds of the 
time I had the almost bewildering gratification of seeing the planet break 
the contact, and slowly move on till it buried itself, round, and deep, and 
sharp in the sun.” 

The foregoing account may serve to give the general reader an. idea of 
the accordance existing in the science of astronomy, between theory and 
observation, even under circumstances of tluj most* disadvantageous cha¬ 
racter. In the present case, this accordance rotlccted tlie highest honour 
on the accuracy of Le Terrier’s rescarclies, and augured favourably for 
the future efforts of that illustrious geometer. 

As Mercury disturbs the motions of the otlier planets only in a very 
small degree, and as it is moreover unaccompanied by one or more satel¬ 
lites, it has been found very difficult to ascertain the precise value of its 
mass. Iix the absence of more satisfactory methods, this element has 
been determined by assuming the densities of the planets to vary in the 
inverse ratio of their mean distances from tlie sun, and then combining 
the density of tlie planet found in this manner with its volume, as indi¬ 
cated by its apparent diameter. By this means astronomers havo ob¬ 
tained T,‘g-()V,TdT.' value of tbo mass of the planet, the sun’s mass 

being represented b 3 '^ unity. Encke, liowever, has concluded from his re¬ 
searches on the perturbations of the comet which bears his name, that t lio 
mass of Mercury does not exceed Re Terrier, on the other 

hand, assigns most probable value of tlio mass. Mr. 

Rothman, again, by comparing the tlieory of the planet with the ob¬ 
served motion of Venus’s perihelion, estimates the mass at v,-, j t 
T his result agrees very nearly with Re Terrier’s, but it must bo admitted 


* Pro. Astr. Soc., February, 1842. 
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tliat considerable uncertainty still rests upon tbis point. It is fortunate 
that the "very circumstance •which renders it so difficult to ascertain the 
mass of this planet ■with precision, should also in a great measure relieve 
the astronomer from the embarrassment of an erroneous evaluation. 

The perturbations of Venus, though very minute, are more considerable 
than those of Mercury, on account of her greater proximity to the other 
planets. The principal disturbing body is the earth, but even in this 
case the greatest inec[uality in longitude does not exceed lO'"'. Laplace 
computed the terms of perturhation as far as the third powers of the 
eccentricilies and inelinations, hut he neglected those of higher orders, 
under the impression that they -were too minute to he appreciable by- 
observation. Mr. Airy, ho-wever, has discovered among the terms of the 
fifth order a sensible ineqLuality, depending on the action of the Earth. 
It takes 340 years to pass through all its values, although its greatest 
magnitude does not exceed We shall presently have occasion to 

mention the circumstance which gave rise to the detection of this interest¬ 
ing inequality- 

Halley’s tables of Venus were those which ■were held in most esteem by 
astronomers throughout the last century, until^ they were supplanted by 
those of Lalande towards its close. In 1810, Lindeuau published tables 
founded on the Greenwich observations, and on those made on the 
continent during the present century. They are the tables now generally 
used by astronomers. 

The mass of Venus is an element of physical astronomy, which has oc¬ 
casioned much, research. As the planet is unaccompanied by a satellite, 
its mass can only he determined hy means of the perturbations it pro¬ 
duces in the motions of the other bodies of the system. These, how¬ 
ever, are so very small, that until recent times no dependence could be 
placed on the results derivable from them. Lagrange, in his famous 
researches on the planets which appeared in the Berlin Memoirs for 
1781—83—83, determined the mass of Venns, hy assuming the densities of 
the planets to vary in the inverse ratio of their mean distances from the 
sun. In this manner he found a value for the mass of the planet, which 
exceeded the value of the earth’s mass, nearly in the proportion of tliree 
to two. This will manifestly result from his hypothesis, when we con¬ 
sider that the volumes of Venus and the Earth are nearly equal, and that 
the mean distance of •the latter from the sun, exceeds that of the former 
nearly in the proportion of three to two. That this estimate, however, 
greatly exceeded the real value, was evident from the result which La¬ 
grange arrived at, relative to the displacement of the Earth’s orbit by the 
action of the other planets. In this case, the principal disturbing bodies 
are Jupiter and Venus, and as the mass of the former of these planets 
was sufiSciently well known, it was clear that any discordance between 
■ theory and observation ought to he referred to an error in the mass of the 
latter. Lagrange computed hy theory, the displacement of the terrestrial 
orbit, and obtained 61^'. 5 for the secular diminution of the obliquity of 
the ecliptic ; but as the observations of astronomers generally gave less 
than 50''^ as the real value, it hence followed that the mass of Venus was 
too great, and that the hypothesis on which its determination was founded 
was erroneous. Delamhre, while engaged in the construction of his solai’ 
tables, determined the mass of Venus by means of the peiuodic inequa¬ 
lities which she occasions in the Earth’s longitude. Clairaut had pre¬ 
viously sought to determine the mass of the planet by tliis method, but 
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he had not for his data the accurate observations of Bradley and Maske- 
lyne, nor was the knowledge relative to the reduction of observations, and 
the mode of combining them together, sufficiently advanced in his day. It 
is not to be -wondered at, then, that he erred in his estimation of the 
planet’s mass, nearly as much as Lagrange did by a les^ legitimate pmcess, 
having made it, in fact, equal only to two-thirds of the Earth’s mass. Be- 
lambre, under superior advantages, obtained for the mass of the 

planet. By a curious coincidence this result agrees almost exactly with 
the most approved evaluation of the Earth’s mass Ijindeiiau concluded, 
from his researches on the motion of Mercury, that the mass of Venus 
considerably exceeds the value assigned to it by Belambre. Burchardt, 
on the other hand, by a comparison of the solar tables with Maskelyne’s 
ohservations, was induced to fix the mass of the planet at Mr. 

Airy, by means of later observations at Greenwich, obtained 
the mass of tbe planet M. Le Vender was conducted to a mass equal 

researches on the motion of Mercury §. These values 
agree very nearly with each other, and also -Nvith the value assigned by the 
diminution of the obliquity of the ecliptic. Mr. Ilothman, liow-cver, lias 
concluded from the motion of Mercury’s nodes, that the mass of Venus is 
at least equal to -? 75 wlTrT)iT !!• The more complete developoment of the se¬ 
cular variations of the planetary orbits, can alone lead to desirable pre¬ 
cision on this point. 

A knowledge of the perturbations occasioned in tlie motion of tlie Earth 
by the action of the other jilanets, forms an indispensable j^reliininary to 
the construction of accurate solar tables. We have seen that Glairaut 
first investigated these perturbations by the application of his solution of 
the problem of three bodies. His results were introduced into Eacaille’s 
solar tables, which continued in use among astronomers until the close of 
the last century. 

One of the first steps taken by the French Board of Longitude, after 
its establishment in 1795, was to procure the coustruction of new tables 
of the sun, moon, and planets. In pursuance of this olrject Dcbimbrc in¬ 
vestigated the elements of the solar orliit liy means of the observations of 
Bradley and Maskelyne, and calculated tables which w<3ro first puhlislied 
in 1806. The arguments of the equations depending on porturl)ation were 
derived from Lajdace’s theory, l)ut the coeilicients %vere deterniiiiod by 
observation. Delambre by this means obtained values of tho masses of 
Venus, Mars, and tbe Moon. In 18l!2, Burchardt, with the view of ob¬ 
taining corrections of tbe solar elements, compared Belamliro’s tables with 
about 4000 Greenwich observations. Tie concluded from Iris researches 
that tbe epoch, tho perigee, and tlie eccentricity required sliglrt correc¬ 
tions. He also found that the mass of Mars sliould be diminished by 
-^\,tb, and the mass of Venus by In 18!ii7, Mr. Airy compared tho 

solar tables witli 80 observations of Sir James South’s, and concluded that 
tbe epoch and tho perigee, especially the latter, ought to be sensibly 
altered**. In 1828 he discussed 1200 right ascensions of tbe sun, ob- 

* Pont6coulant, in the thii-d volume of his 77Morie Anah/fique (lit tSi/sfcmc du MundCf 
gives YiZihr.n value of the earth’s mass. 

-f Connais.sance des Temps, 1816. 

t Phil. Tnin.s„ 1828. 

§ Connaissaticc des Temps, 1847. 

[I Mem. Astr. Soc., vol. xii. 

Connais-sance des Temps, 1816; see also Memoircs do I'JnstituI, 1812. 

* Phil. Trans., 1827. 



128 


HISTORY OP PHYSICAL ASTRONOMy. 


served at Grreenwich with the new transit instrament between the years 
181.6 and 1826*. The corrections he obtained for the elements agreed 
very nearly with those to which Burchardt was conducted. He also found 
for the mass of Venus a value equal to Burchardt’s, but he concluded that 
the mass of Mars should be diminished in the proportion of 22 to IS. 
Belambre, in, his tables, had fis:ed the coefficient of the lunar equation at 
7".5 ; Mr. Airy, by a method of great elegance and simplicity, obtained 
a correction which reduced it to 6''.4. Having discovered a series of 
anomalies in the mean longitude, he was led to suspect that they pro¬ 
ceeded from an inequality of long duration, depending on the disturbing 
action of some of the planets. It finally occurred to him that an in¬ 
equality of this nature is occasioned by the action of Venus, and that it 
might possibly be of such magnitude as to account for the errors of the 
tables. Among the terms of the disturbing function there is a certain 
class ill which the time (under the symbols, sine, and cosine) is multiplied 
by the difference between thirteen times the mean motion of the Earth, and 
eight times the mean motion of Venus. This quantity being a very small 
fraction, Mr. Airy perceived that the operation of two successive integrations 
would introduce very minute divisors into the corresponding terms of the 
longitude. The terms in other respects are very small, for their arguments 
indicate them, to be only of the fifth order, relative to the eccentricities and 
inclinations. It became then a matter of calculation to ascertain whether 
the increase which they acquired by double integration would so far com¬ 
pensate for their extreme minuteness, as to give rise to an inequality of 
sensible magnitude. This arduous task was performed by the eminent 
geometer above mentioned, and the results obtained by him entirely justi¬ 
fied his previous suspicion. He found that the terms represented an in¬ 
equality in the Earth’s longitude equal to 2'’'.05 ; he also obtained a similar 
inequality for Venus, depending npon the reciprocal action of the Earth, 
and amounting to 2'^.9. The period in each case extends to 240 years. 
These inequalities vanished in 1742, and attained their maximum values 
in 1802. Mr. Airy remarks, that if the mean motions of the two planets 
had been derived from a comparison of Bradley’s observations, with those 
of recent years, the longitude of the Earth at the time of the next transit 
of Venus in 1874 would be too small by 4^'', and that of Venus too great 
by ; and these errors would occasion a derangement in the geocentric 
longitude of the latter planet, amounting to between 20" and 30" f. This 
inequality is exactly similar to the long inequality of Jupiter and Saturn, 
hut the labour of computing it is vastly greater. We must admit that 
its detection reflects the highest honour on the sagacity of Mr. Airy, 
especially when we consider the very minnte form under which it appeared 
among the observations, and the slowness with which it is developed. 

The comparative magnitude of this inequality shews how unsafe it is to 
estimate the perturbations of a planet by the mere order of the terms re¬ 
lative to the eccentricities and inclinations. In the theory of Venus the 
greatest inequality among the terms of the second and third orders does 
not amount to 1".4 ; and all the inequalities depending on the terms of 
the fourth order fall below 0".l. In the theoiy of the Earth the contrast 
is still more striking. The greatest inequality among the terms of the 


* Phil. Trans., 1828. 
+ Ibid., 1832. 
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second order is eq[iial only to 1".07; and all those depending on the terms 
of the third and fourth orders are less than 0"-l ='‘‘. 

The researches of geometers on the perturbations of Mars have not led 
to any interesting results; they form a striking contrast in this respect 
with those memorable researches in connexion with the same planet by 
means of which Kepler was conducted to his great discoveries relative to 
the fundamental laws of the motions of the planets and the forms of their 
orbits. The perturbations produced by this planet in the motions of the 
other bodies of the system are so small as to render the determination of 
its mass exceedingly difficult. Taplace effected this object by the aid of 
the hypothetic principle that the densities of the planets vary in the in¬ 
verse ratio of their mean distances from the sun. In this manner he ob¬ 
tained for the mass of the planet Delainbre, by comparing 

Kaplace’s formula of the Earth’s perturbations with the solar observations 
of Bradley and Maskelyne, was induced to fix the mass at t* * * § 

Burchardt by a similar process obtained value 

The accordance between these resellts is sufficiently satisfactory ; but Mr. . 
Airy has inferred from his researches on the solar theory that Delambre s 
estimate should be diminished in the pi'oportion of 22 to 15. It is for¬ 
tunate, as in the case of Mercury, that the disturbing effects of this 
jilanet are so insignificant as to dispense with the necessity of extreme 
accuracy. 

In the theory of Jupiter the most important point is the long ine¬ 
quality depending on the action of Saturn. This inequality is mainly 
contained among the terms of the third order relative to tho eccen¬ 
tricities and iiiclinations; but Laplace suspected tluit the terms in¬ 
volving the fifth powers of tlie eccentricities might also bo sensible. 
Burchardt performed the laborious ojieratioii of calculating these terms, 
hut unfortunately he ai)jilic(l them with tlio wrong sign. Ija.[)laco soon 
afterwards noticed this circumsianco in a Hup[)lomcnt to tlin Uurd volume 
of tho Mecanique CclesU;, and lie shewed tliat, when it. was duly taken into 
account, the tlieory would j)resent a most satisfactory accenlanco with a 
conjuuctioii of Jujiiter and Saturn observed by Ibyn dounis, at (kiiro, 
towards the close of the clovcutli century, ’.riiat astronomer lias assigned 
143!)'' as the excess of Saturn’s geooontrie: longitude ovci' tliat of Jupiter 
on the 31st October, 1087, at 1 O’’'mean time of Paris. Now, when the 
places of the two planets wore calculated by theory for tlio same epocli 
previous to the detection of Bnrcliardt’s error, the excess of longitude was 
found to amount only to 729". When the clfect of thn,t error, howevm-, 
■wa.s subsequently taken into account by Laplace, tho same qiiantily rose to 
1117". The difference between this result of theory and the recorded 
excess of longitudo amount,s to 322" or 5' 22", a (piantity which falls 
considerably within the errors of tlio observations of the Arabian 
astronomers. 

* M<iC. C<*1., liv. vi. chap. ix. et x.; Thcorie Analytiquo du Systcnie du Moiulc, liv. 
chap. xiv. et xv. The largest inequalities in Venus and the harth depending on i1h> 
terms of the third order are due to the disturbing action of Mercury. rcciin-ocal 

action of these planets occasions analogous inequalities in (he rnolion of Mfuem v. the 
maximum eflbct of Venus amounting to 8'b but that, of the ICarlh only t(» 

f Mee. Cel., liv. vi. ehap. vi. J 'Pahlcs dn Soleil, IHOO. 

§ Connai.«s:ineo des Temps, IRlG. Ponteconlanl altrihutes (his vahu' to llesscl 
(Th6orie Aiialytiqiie du Systemc du Monde, tome iii. p. .“Md); but as it is less than 
Delambre’s exactly by ,',th, which was the correction ohtaiiUHl hy Ihirchardt, it. is clear that 
wc ought to read for Be-ssel’s name that of tho la.st-mcnlioncd astronomer. 

K 
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In. 1824, Plana liaving raised an objection against Laplace’s researches 
on the part of the long inequality of Jupiter and Saturn dopendmg on tlie 
square of the disturbing force, a controversy arose, in which these two 
geometers, as well as Poisson and Pontecoulant, took part, and which iniaily 
terminated in establishing the point at issue in a more satisfactory state 
The most important improvement which the theory of Jiipitcr has 
received in recent times consists in a correction of the value of his mass. 
This element may be determined by means of the perturbations \vhich tlio 
planet occasions in the motions of the other bodies of the systoin. It may 
also be found by comparing the periodic time and mean distance of one oi 
the satellites round its primary with the periodic time and moan distiinco 
of the planet round the sun. This was the method which Newton em¬ 
ployed in the Principia. Having assumed that the period of the fourth 
satellite amounted to 16^^.0888, and its greatest heliocentric elongation 
to 8' 15''.85, he hence concluded that the mass of the planet was equal to 
the sun’s mass being represented by unityf. This value was found 
by Laplace to agree very nearly with that derived from the perturbations 
of Saturn, and was introduced by him into the calculations of iliB 'Meavnitjuti 
Celeste. Astronomers, however, subsequently discovered that it was irve- 
concileable with the perturbations occasioned by the planets in the motions 
of the other bodies of the system. In 1826 Hicolai concluded from the 
perturbations of Juno that the mass of Jupiter was equal to 
About the same time Encke obtained for the value of the mass by 

means of the perturbations of Testa ; while*bis researches on the motion of 
the comet which hears his name assigned -yttet true value. These 

results, agreeing all so nearly with each other, derived additional confirm¬ 
ation from the researches of Gauss on the ]i6i'furhation3 of Pallas. It 
now became exceedingly desirable to verify the original determination of 
the planet’s mass which presented so considerable a discordance with those 
results- The observations on the fourth satellite which formed the tkiia of 
Newton’s investigation were made by his contemporary. Pond; but these 
could hardly be expected to possess the accuracy attainable by astroiiomci's 
in die present day. Mr. Airy, suspecting that the discordance might be 
traced to an error in Pond’s observations, undertook a series of luciasiirc- 
ments of the elongations of the fourth satellite, and arrived at a r<!sult 
which accorded very satisfactorily with that derived from tlic porturbatioiis 
of the smaller planets. The mean distance of the satellite iVoui its 
primary as indicated by these elongations assigned ybiW-i) <7 mass of 

the planet. Mr. Airy subsequently undertook a more extensive course of 
observations on the satellites, and derived from them a similar result. 
Pessel also about the same time measured the elongations of tbc satel¬ 
lites, and obtained tott-wt mass of the planet, a result dil'biring 

only about a thousandth part from Mr. Airy’s. Thus a serious source of 
perplexity has been in a great measure removed from Physical Astronomy 
by these researches,^ for the mass of Jupiter is so considerable that a small 
error in its value might occasion a very sensible discordance bctAvccii the 
observed and calculated perturbations of some of the planets, ’.rhp only* 
difdculty which still remains in connexion with this question arises IVoiu 
the anomalous result derived from the perturbations of Saturii, llouvai’<l 
having by this means obtained tutif value of the mass. It is to 


Mem.^ Astr. Soc., vol. ii. In the same papei* Plana points out several other 
accumcies into which Laplace had fallen in the Mecanigue Celeste, 
t Pnncip., liv. iii. prop. viii. cor. i. 


in 
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"be lioped tliat tlie planet Neptune will be fomicl to derauge tlie motion of 
Saturn, to such, an extent as to account for the e.rrors of i^ertuibation 
which arise from the assumption of the more probable value of JuT.)iter’s 
mass. 

The theory of Saturn is so closely linked with that of Jupiter, that any 
remarks relative to the perturbations of one of the planets are generally 
applicable to those of the other. The masses of the two planets have also been 
determiiied by similar methods. Newton obtained for the mass of 

Saturn, by assuming that the period of the sixth satellite amounted to 
15* * * § ^.9453, and its greatest elongation to The latter quantity, 

however, considerably exceeds tbe real value, and therefore the results 
derived from it were erroneous. Xiaplace supposed the elongation to be 
equal only to W 6Q"', and hence inferred that the mass of the planet is 
equal to Bouvard obtained value of the mass by 

means of the perturbations of Jupiter, This result is confirmed by the 
researches of Bessel, w-lio has been conducted to a mass equal to -g-TTuV-F 
by a careful measurement of the elongations of the sixth satellite. 

In 1808, Bouvard published tables of Jupiter and Saturn, but they were 
soon found to be vitiated by tlie errors in tlie theoiy of l>oth planets, to 
which allusion has already been made. 'This defect was remedied by the 
astronomer just cited, who in ISill publislied tables of tlie 
adapted to the corrected theory. Mr, Adams has recently discovered an 
important error in the tables of Saturn. While engaged in researches 
on the motion of that planet, he found that the calculated values of one of 
the terms of the perturbation in latitude were totsilly irreconcileablo with 
the formula froni -vYhich they were professedly derived. Ho has explained 
the probable origin of this discordance, wliicii is soraowluit curious f. 

Until very recently the tlieoiy of Uranus has occnsionGd much trouble 
to astronomers. T!il)lcs of the plantit. were published l>y Delambre in 
1700, and l>y Bouvard in IB^il; but, notAvitlistandiug tlie care and 
skill wliich had been emiiloyed in llieir construc.l ion on <>ach of tlicso 
occasions, it was found that they failed lo roprcscnl (he ae,(n:d motion. 
Irregnlaritie.s were indievrted l)y t.Iio ohsorva,lions, wlij<'l) could not l>c 
accounted for either hy tlie principles of cllijU ic inotiou, or hy llic distnrh- 
ing aclion of the ol.lier bodies of tlio system. Witliont, pursuing this 
interesting sulrjcct furllier at present., xve. shall niorcly slid,e lluxt these 
anomah)US errors in the iriotion of IJi-anus have hid to tlie discovery a priori 
ol a new planet exterior lo it. In tin; e-n.suing chrqitor we shall give a 
detailed accoinit of the circumstancri.s connected with this remarkable 
result of tlic tlieory of gravitation. 

Astronoinors have not yet arrived a( a, stdlieiently satishietory result 
relative to the mass of l.ji*anus. Bir William llcrsched having aiinonnecd 
that the fourth satellite revolved round tlic j)lanet in Ui'hdnr)!), and that 
its greatest lieliocenti'ic elongation was equal to 4'4'''.y3 §, .T.ja])lacc hence 
concluded that tlie nuuss of tlie jilanct was equal to .Ihnivjirfl, on 


* IMneip., llv. 111. prop. viii. cor. 5. d Mdi;. C61., liv. vi. c-liap. vi. 

I The principal terms of tlic perlurbullon in latilinl<! an* — 

0't67 sin. ((?-£!: <?>'—tK)" 29) ■+ 2H'M!) .sin. ( 2 ,p .1 y t l‘2) 

where <p denote the mean anomalies of Saturn aval .JupiU'r. In laludaliujj: tin? last terni, 
Bouvard appears to have employed <p - 2 instt'ad of 2 - •! (p', so ih.it (he (wo terms 
maybe iinited in a. sinerle t(>nn,'repre.sonied by 2.'>''.H5 .sin (,p-2*p' t Id -HH). 'The 
calculated values ot this term were found by Mr. Adams to ae'ree very (dosely w itlilhc table. 

§ Pliil. q'rans., 17H8. il .Mer*. (Id!., liv. vi, <’liat>. vi. 
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tlie otlaer hand, has obtained jpf^T-g^ value of the mass by means of 

. the perturbations produced by the planet in the motion, of Saturn. It is 
to be hoped that the researches on the satellites, in which M. Otto Struve 
is known to be engaged at present, will lead to more satisfactory results 
relative to this impoi'tant point 

The theory of the smaller planets still continues in a very imperfect 
state. This circumstance is attributable to the magnitude of the eccen¬ 
tricities and inclinations, in consequence of which the disturbing function 
converges with such slowness as to render the usual metliods of approxima¬ 
tion generally inapplicable. The only one of the ancient planets which 
bears any analogy in this respect to those more i’ecently discovered is 
Mercury; but in this case the disturbed body is so near the sun, and at 
the same time so remote from tlie largei' planets of the system, that its 
perturbations are very insignificant, and a small number of the terms of 
the disturbing function suffice for the calculation of all the inequalities 
that are of sensible magnitude. The smaller planets, on the other hand, 
all revolve in the region comprised between the orbits of Mars and Jupiter, 
and on this account their elliptic motions are very much deranged by 
the powerful action of the latter planet. Attempts have frequently been 
made to investigate the perturbations of these bodies by the usual methods 
of approximation, but their places when thus determined have been found 
very soon to present a marked discordance with those indicated by actual 
observation. The perturbations of Vesta, Juno, and Ceres, have been com- 
^puted with more or less success by Daussy, Santini, Damoiseau, and other 
geometers ; hut those of Pallas, which revolves in an orbit, inclined at an 


angle of 34° to the ecliptic, have deterred even the most persevering analysts 
from undertaking their complete investigation. In recent times, attention 
has been principally directed towards the algebraic form of tlie disturbing 
function, with the view of devising modes of development, which shall be 
practicable whatever be the magnitude of the eccentricities and inclina¬ 
tions. The researches of Cauchy, Liouville, Le Verrier, Hansen, and 
Lubbock, in connexion with this subject, have resulted in various ingenious 
processes by means of which it is to be hoped that this part of the planetary 
theory will soon attain a degree of perfection, equal to that which is so 
conspicuous, when the question relates to the perturbations of the laro-cr 
bodies of the system. Le Verrier has applied his method to the coiti- 
putation of a remarkable inequality in the mean motion of Pallas, occa¬ 
sioned by the disturbing action of Jtqfiter. This inequality depends upon 
to near commensurability of_ the mean motions of Jupiter and Pallas. 
Eighteen, times the mean motion of Jupiter, minus seven, times the 'memi 
motion of Ealias, forms a quantity which amoiiiits to only T-4-,,th of the 
mean motion of the latter planet. Now, as this quantity appears in the 
disturbing function under the symbols sine and cosine, the operation of 
two successive integrations will introduce its square into the denominators 
of to corresponding terms of the longitude. This circumstance may cause 
the term sto acquire a sensible magnitude, although in other respects 
they are very inconsiderable, being, according to the theoiy of lolanetarj 

order with respect to the eccentricities 
Veriuer shewed ic to he one of the advantages of his 
method, that the great inclination of the disturbed planet, so far from 


observing the elongations of the satellites, has obtained a 

mentioned in the 
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forming a barrier to bis researches, on the contrary, conduced to their 
simplification- He found the greatest value of the inequality to amount 
to 896", or 14' 56," and its period to upwards of G75 years. This in¬ 
equality is manifestly similar to several others of long duration, to which 
we have already had occasion to allude, hut it differs from them in so far as 
the particulars relative to it are not susceptible of being tested by observa¬ 
tion, on account of the short time that has elapsed since the discovery of 
the planet. As it rvas desirable to verify the calculations of Le Vender, 
M. Cauchy determined the value of the inequality by a method of liis own, 
and obtained a result which completely accorded with that of the original 
discoverer. 

The researches on the perturbations of the smaller planets gave rise to 
an interesting discusssion among astronomers respecting the essential 
nature of the principle of gravitation. In 1826, Nicolai having com¬ 
pared the analytical expressions for the perturbations of Juno by Jupiter, 
witli fifteen observed oppositions of the planet, met with such discordances 
as induced him to suppose that the absolute attraction of Jupiter on tbe 
sun and on the planet were unequal, or, in other words, that tbe total 
amount of attraction exerted by one body upon anotlier depended on tbe 
quality of the matter contained in tlie attracted body, as well as upon its 
quantity. This doctrine, being at variance with the fundamental principle 
of gravitation, attracted a considerable degree of attention on tlie occasion 
of its first announcement ; but the subsequent researches of astronomers 
have served to shew that it is untenable. Hessel, for this purpose, made a 
great numhor of experiments with pendulums, composed of difiPerent sub-'' 
stances, such as ivory, glass, inai'ble, meteoric stones, drc.; but he was 
unable to discover in the times of oscillation any indication that the in¬ 
tensity of the terrestrial attraction depended on the quality of the 
pendulous hod 3 ^ 

The theory of Comets depends on tlio solution of two problems of capital 
importance. The one relates to the investigation of the species of conic 
section, in which tlio comet moves, and the delenninal ion of tlio elements 
of the orbit; the otlier relates to the calcnlation of the ellVxMs produced l)y 
the disturbing action of the ]^)lancts. llotli of these problems have largely 
occuiiied the attention of geometers, from tlio estalilislinient of the tlieory 
of gravitation by Newton, down to the present day. Tlio first solution of 
the problem for determining the oibit of a, comet, by means of observa¬ 
tions on its motion, was given by Newton in the IVrincij^iia.. It w’as 
founded on the supposition, that the species of conic section, doscribed by 
the comet, is a parabola. This assumption conduced much to tlio Kiiiiplifi- 
cation of the problem, nor did it, entail any sensible error on tlio ultimate 
results, when tlio eccentricity of tbe orbit is very great. On. tbo other 
hand, the solution was defective, inasmuch as it assigned no means of 
ascertaining the value of the mean distance in the case of the orliit being 
really elliptic. This element could only bo determined by means of tlio 
relation between it and tbo periodic time, tbo latter being deduced from 
tbe interval comprised between two successive appearances of tbo cornel;. 
Various solutions of the same problems have been given by geometers 
since ‘Newton’s time, some of wliich arc independent of any assnmptiou 
with respect to tbe form of tbo orbit. The must eelcbrati'd of tlie latter 
class are those of Xiaplacc and ( lanss. 

The researches on the perturhations of comets oiler diibculties pre¬ 
cisely analogous to those which occur in tlic theory of the smaller planets. 



134 


HISTORY OF PHTSlCAIi ASTRONOMY. 


As the usual solutions of the Problem of Three Bodies completely fail in 
this case, the effects of planetary disturbance are computed by the method 
of mechanical quadratures. We have already mentioned that Piagrange 
first presented this method in a systematic form. In 1810, Bessel 
puhlished his famous researches on the comet of 1807. He concluded, 
from the observations, that the comet moved in an ellipse of great 
eceeatricity. In computing the action of the planets on it, he resolved 
the disturbing force in the directions of the radius vector, of a perpen¬ 
dicular to it, and a perpendicular to the plane of the orbit. Ido then 
determined, by the method of quadratures, the values of the elements 
for every thirty days daring which the comet was within the spheres of 
planetary influence- He assigns 1543 years as the most x^robable value 
of the periodic time. A comet which apipeared in 1815 was found by 
Olbers to revolve in an elliptic orbit with a period of about 72 years. 
The perturbations were computed hy Bessel, whose researches on the 
subject appeared in the JBerliTi Memoirs for 1813^«. Bresh elements 
were computed for every 25 days during which the comet tVas visible; 
for every year from 1815 to 1833, and for every two years throughout the 
remaining part of the orbit. He has fixed the 9th February, 1887, as 
the time of the next return to perihelion. In 1818, a comet was dis¬ 
covered by Pons, the observed motion of which could not be reconciled 
with, the supposition of a parabolic orbit. M. Arago remarked that 
its elements bore a strong resemblance to those of a comet which 
apipeared in 1805, and Olbers about the same time was led in a similar 
mamier to suspect its identity with a comet which appeared in. 1795. 
Eucke found that the observations might all be satisfied by suj)j30sing 
the comet to move in an elliptic orbit, with a period of about three years 
and a half. He also computed the perturbations^ taking into account the 
action of all the planets, with the exception of Uranus and the siiiall 
bodies revolving between the orbits of Mars and Jupiter. The perturba¬ 
tions of Mercury were computed for every 4 days ; those of "Venus and 
the Earth for every 12 days; and those of Mars, Jupiter, and Saturn for 
every 36 days. This process was continued until the action of the 
planets ceased to be sensible, after which the motion of the comet was 
referred to the centre of gravity of the sun and plaiietef. The comet, on 
the occasion of its perihelion passage in 1822, was not favourable for 
observation in the northern liemisphere, hut it was seen by Rumker at 
Paramatta in New South "Wales. A comparison of the earlier with the 
more recent observations seemed to indicate that the j)eriod of revolution 
was continually diminislimg, and Encke was hence led to suspect the 
existence of a resisting medium. The perihelion passage of 1825 was 
not favourable for deciding so delicate a question, but that of 1829 offered 
peculiar advantages for this purpose. Tn order to understand this, it is 
necessary to remark that' the axis of the comet lies almost in the 
plane of Jupiter’s motion, and that the aphelion extends very nearly 
to the orbit of that planet. Hence it is clear that, when Jupiter is in that 
part of his orbit which is in the neighbourhood of the comet’s aphelion, 
he will very much disturb the motion of the latter; and, if an erroneous 
value 1)6 assumed for his mass, the difference between the computed and 
observed places of the comet may be very considerable, even inde- 

* Airy’s account of the progress of Astronomy, British Association Report for 1832. 

f Ibid. 
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peiidently of tlie effects wliicb. might ho produced by a resisting medium. 
This condition tvas nearly fulfilled during the comet’s revolution of 1819— 
on which occasion Encke, having computed the action of Jux^iter by 
means of the ancient value of his mass, found that the error in the time 
of the comet’s arrival in x'>erihelion could not he wholly accounted for hy 
the supxoosition of a I'esisting medium. .He now investigated the loertur- 
hatioiis of the comet, assuming the existence of a resisting medium, and 
ascribing an indeterminate error to Juxhter’s mass. Equating then the 
effects x^reduced by these causes to the observed errors of the comet’s 
motion, lie obtained a number of equations of conditioii, the subsequent 
discussion of which conducted Mm to a most satisfactory conclusion. He 
now found for the mass of the planet a value which almost cdiiicided With 
that derived from the x>©i'turbations of the smaller x^Huets; and this 
imx'iroved value, combined with the hjxoothesis of a resisting medium, 
afforded a complete explanation of the errors in the vax'ious revolutions of 
the comet. Comxiaring together the observed and computed places 
throughout three revolutions, he found that the mean error of a single 
X^lace was only 18'''.3, whereas, by rejecting the hj’-xiotViesis of a resisting 
medium, the error rose to 217".C). The effect of the resistance is to 
shorten the time of each revolution hy about half a day. 

The doctrine of a resisting medium has always been a favourite subject 
of speculation with astronomers; but on no occasion has it been supx^orted 
by evidence of such a jilausible character as in the example above cited. 
It is manifest, however, that more extensive indications of such a medium 


must be discovered before the x^roblem of its existence can be con¬ 
sidered as having received a deiinitive solution. It has not yet affected 
to a sensible extent any of the other celestial bodies, and, until such 
is found to take the question relative to it must remahi in 

abeyance. 

On tlie /iTtli Eebruary, I8:i0, M? Biel a, an Aust rian officov residing at 
Josephstadt, in Holiemia, discovered in Ibc coustenatiou of Aides a. round 
nebulous bod}^ which ax^peared to him to be a, couiot. His Buspicioii was 
conlirmed by a re-oxaminatioii of the sanio objeiU, on the fallowing evening, 
when lie found that, during the xicriod that had elapsed since liis first ob¬ 
servation it had advanced about a degree to the east of its o.rigiiial xdaco. 
The comet was seen on the Dtli Mar<di, by M', (bmibart, at Marseilles; 
and, on the 10th, by M’. Clausen, at Altona. Its elomenta, when calculated 
on the suxix^osition of the orbit being a, x>m'abala, were found to resemble 
those of other two comets winch apx^aiarod in 1800 and 177M. Cnmbart 
and Clausen, therefore, simultaneously undertook the calenlatiou of ollixitic 
elements, and obtained results wliicli not only agreed with each otlior, but 
also satisfied the observations much better tliau tlie original elements. 
The mean period of a revolution was found to be alxnit 0| years. 

M. Datnoiseau comxiutod the x^erturbations whicli the elements of tins 
comet would exxierionco during the revolution of and he found 

that it would again return to its perihelion on the S7l,h Novonibcr, l 
The x>bmets whose disturbing intluence ho took into account were 8alui-n, 
Jupiter, and the Earth. Tie found that tho eornbinod action of tlicso 
bodies would have the effect of retarding tlie coniotfs arrival in ]»erilvelioii 
to the extent of O.OCf^i da,ys. BoUio degree of ulanvi was excited by tlio 


* M^ernoiresf tJe I'Academie des Scicncen, tomo viii. ; see also the. 
TeM 20 S for 3830. 
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aunonnceinent that the comet, a little before its perihelion passage, would 
cross the plane of the ecliptic at a distance of only 20,000 miles from the 
Earth’s orbit, and near the place where the latter would then be moving. 
The results of exact calculation were sufficient, however, to dissipate all 
fears on this point, for it was found that the comet would cross the ecliptic 
on the 29th October, 1832; but that the Earth would not arrive at the 
same place until the 30th November. This comet returned agreeably to 
prediction, and has subsequently reappeared in 1830 and 1840. On the 
last-mentioned occasion it underwent a singular transformation, having 
separated into two distinct comets, which continued to travel together at 
a mutual distance of or 4' during the whole period of their visibility. 
One of these objects was a little fainter than the other, but each of them 
exhibited the distinctive features of a comet. The tails were parallel to 
each other, and extended in a direction perpendicular to the line joining 
the centres of the nuclei. This extraordinary change in the constitution 
of the comet appears to have taken place very suddenly. It was first ob¬ 
served in Europe on the 15th of January, iS4C, by Mr. Challis of Cani- 
hridge, and M. Wichmann of Kcenigsberg; but it was afterwards found 
that it had been seen on the 12th of the same month by Ijioutenant 
Mamy, at the Observatory of Washington, in the United States. M. 
Plantamour of Geneva determined the elements of each comet by obser¬ 
vation, and then computed the perturbations occasioned by the Earth, 
Jupiter, and Mars. The motions of both comets, when calculated by this 
process, agreed very closely with their observed motions for the whole 
period during which they were visible. M. Plantamour found that the 
absolute distance between each nucleus was constantly the same, and was 
equal to about two-thirds of the radius of the lunar orbit. 

The approaching return of Halley’s comet in 1835 excited* a lively in¬ 
terest in the scientific world, and a strong desire was felt that the pertur¬ 
bations of its elements shCuld be computed. The data necessary for this 
purpose are the elements of the comet corresponding to the time of its 
perihelion passage in 1759. These are readily deducible from, the obser¬ 
vations of that year with the exception of the major axis. This element 
may be determined by assuming as the major axis corresponding to tbo 
perihelion of 1682 the value indicated by the time of revolution between 
1682 and 1759, supposing the comet to move in an ellipse, and then 
applying to it the perturbations it would suffer from the action of the 
planets during the same period. But these perturbations cannot be 
computed without a knowledge of the fundamental values of tho other 
elements. It is clear, then, that in order to obtain a complete set of 
data for calculating the perturbations of the comet relative to its perihelion 
passage in 1835, the geometer must possess a knowledge of the perihelion 
elements for 1082. In the Qonnaissance des Temjps for 1819, Burchardt 
lias given the elements for 1682 and 1759. His results relative to 1682 
are founded on the ohseiwations of Flamstead, and those relative to 1759 
on the observations of Messier. 

A comparison of the three revolutions of this comet comprised between 
the years 1531, 1607, 1682, and 1759, affords a striking indication of the 
powerful perturbations which it experiences from the action of the planets. 
The first of these periods includes 27,811 days; the second 27,352 days; 
and the third 27,937 days: thus the first exceeds the second by 469 days, 
and fells short of the third by 126 days. It was clearly impossible, there¬ 
fore, to arrive at any accurate conclusion relative to the next return of the 
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comet by means of these data alone, or even to affirm that the revolution 
subsequent to 1759 would be longer or shorter than the preceding revolu¬ 
tion. In 1819 the Academy of Turin proposed as the subject of a prize, 
the perturbations of Halley’s comet. The prize was awai'ded to Damoi- 
seau, whose investigation was subsequently published in the Turin Me¬ 
moirs for 1817. He determined the value of the major axis, at the time 
of its perihelion passage in 1769, by computing the action of the planets 
on it throughout the preceding revolution. Setting out, then, from the 
complete elements of 1769, he computed the alterations they would suffer 
throughout the time which would elapse until the comet would again 
arrive in perihelion. The method he employed in his researches is 
founded on the variation of elements, and coincides essentially with tlmt 
explained by Tagrange in 1780. He did not, however, adopt the mode 
of proceeding suggested by that geometer for the superior* part of the 
orbit, preferring to execute the whole of the calculations by the safer 
though more laborious process of mechanical quadratures. In computing 
the perturbations of the major axis from 1089 to 1750, he changed the 
elements only once, but, in performing a similar operation uj)oii all the 
elements throughout the revolution subsequent to 1750, he used the cor¬ 
rected elements at every 30° of eccentric anomaly, Tlie planets whoso 
action he took into account in his original memoir were Jupiter, Saturn, 
and Uranus; and his final result relative to the time of return was, that 
the comet would pass its perihelion on the 16th November, 1835. Dis¬ 
covering on a subsequent occasion that the Earth would exercise a sensible 
disturbance on the comet after it bad passed its perihelion in 1750, he 
computed the derangement arising from this cause, and found that it 
would have the effect of shortening the next revolution to the extent of 
19 clays. Hence, according to Ins jirevious conclusion, the passage of tho 
p»erihelion would take place on the 4tli November. 

The researches of Ericke liaving rciulcrod probable tho existence of a 
resisting medium, the return of Halley’s cornet was anxiously looked 
foiwvard to by astronomers, under tlie impression licit it would throw' some, 
light upon this interesting question. It wjis princij)a,lly with this object 
in view that the Academy oi Sciences of Dai'is pro])ose(l tlie perl.urhations 
of Halley’s comet as tho subject of a prize. Afler twice Oho ring tlio 
prize without obtaining any corn pet i tons, the Academy liiially awarded it, 
in 1899, to M. Pontccoulant. Tho details of this geometer’s rcsearclios 
were published in the .sixth volume ol the JSI('moit'es (f/’n Sf(v<f}is tiers. 

He assumed, as the basis of his calculations, tho elements of Ihtrchardt 
for 1689 and 1759, and eompnled the ])e]Mui‘ha,lions by a process similar 
to that employed by Damoiseaii. lie found lhat tlu' elunet would pass its 
perihelion on tho 7tli of November, 1835. In the Coitntiissance des 7'enips 
^ corrected this result by taking iiilo account tlic action of 
the Earth before the perihelion passage of 1750, and by employing, iiisteaul 
of Bouvard’s value of Jupiter’s mass, that wliicli Nicolai limr riaamtly 
deduced from tbe perturbations of Juno. His final conclusion was iha't 
the comet would pass its perihelion on the morning of the Mth of No¬ 
vember, 1835. 

Hie 2^^i*turbations of Halley’s comet formed also (he suhjcel, of pro 
found investigations by Eehnmnn and liosenbei-gor, Iwo (Jerinan muihe 
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niaticiaiis of great eminence. The researches of Roseiiberger were more 
cohiplOte than those of any of his contemporaries- He determined the 
elements of 168l^ and 1759 by an able discussion of all the observations 
that were in each case available to him. He also computed the perturba¬ 
tions occasioned by Mercury, ‘Venus and Mars, as well as those due to the 
larger plaiiets of the system. 

It was announced by astronomers that the comet, if visiblo at all to the 
naked eye, wotild be so about the middle of October, when it attained its 
nearest distance to the Earth. The event fully justified this prediction. On 
the evening of the 5th of August the comet was seen for the first tinle, at 
the Observatory of Rome. It gradually increased in brilliancy until it 
finally was visible to the naked eye in the beginning of October. 
By the 12th of that month it appeared. like a star of tho second 
magnitude, and was accompanied by a tail seven or eight degrees 
long. It soon aftervVards plunged into the rays of the sun, and 
Ceased to be visible; but it was again discovered by astronomers early 
ill the following year, after passing its perihelion. On account of its 
southern declination, its reappearance was not favourable for observation 
in Europe, but it was seen to great advantage at the Cape of G-ood Hope 
by Mr. Maclear, the Astronomer Royal for that station, and also by Sir 
John Herschel, who was then engaged in prosecuting his sidereal observa¬ 
tions in the southern hemisphere. These astronomers continued to 
observe it until the 5th of May, 1836, when it finally ceased to be visiblo 
The various calculations which have been undertaken, for the purpose of 
determining the elements of this famous comet by means of tho observa¬ 
tions made oil the occasion of its last appearance, generally concur in 
assigning noon of the 17th of ^November as the instant of the perihelion 
passage. This result presents a very satisfactory agreement with that 
which we have seen that Pont5coulant arrived at by the aid of theory. 
Having subsequently revised liis calculations, this geometer rendered the 
accordance still more complete. By employing improved values of tho 
masses of the perturbing planets, he found that the passage of the peiilie- 
lion Would take place at noon on the 16tli of Hovember d. 

It must be ackowledged that Rosenberger’s result did not coincide so 
closely with that derived from observation, notwithstanding the elaborato 
chm’acter of his researches. In consequence of the errors which in¬ 
evitably affect all observations in a greater or less degree, and the iniccr- 
tainty which exists respecting the real values of the masses of the i^lanets, 
it IS not to be expected that an error of a few days may not occur in tho 
calculated time of the cornet’s return. The fidelity with which it responded 
to the deductions of the geometer on the occasion of its last appearaiico 
forms one of the many magnificent triumphs which adoi*n tho historv of ilio 
Theory of G ravitation b 


* Some iateresting particulars relative to the physical changes wliicli this comet under¬ 
went, during the period of its visibility, are contained in Sir John Herschel’s Acfount <if 
Asirootomical Observations at ilm Ca'pe of Good Soj>e. ^ 

t See the Gowixa-issance. dis Temps for 1838. tn this final revisal of bi.s researches 
Pont4coulant employ^ the masses of Saturn, Jupiter, and the Earth, as assigned severally 

Ujl' Ji^0ss0i|j SLiioi jthinoJo.0'* 


nf f observations 

of 1 759 and 1835, and the elements for 183o as assigned by the theory of gravitation, 

will at once indicate the magnitude of the perturbations which the motion ofi the cornet 
expenences, and the accuracy with which they have been computed ;__ 
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Oil tlie SSiid of Noveni'ber, 1.843, M. of tlie Royal Observatory of • 

Paris, discoYered a cbmetj the motion of •which could not he recoilciled 
with parabolic elements. Dr. Goldsmicht, a German astronomer, shortly 
afterwards found that the observations might be satisfied by sniDposing tho 
comet to move in an ellipse with a period of about 7^ yeats. Do Verrier 
has calculated the perturbations of this comet, and has fixed the 4th of 
April, 1851, as the time when it will return to its perihelion. He found 
that the action of the planets would retard its arrival Y.67 days. 

We have alluded e- former occasion to the eoniet of 177 0, generally 
known as Dexell’s comet, which was rendered visible by the action of 
Jupiter in 1767, and was subsequently thro-wn into an orbit of larger 
dimensions, and rendered invisible by the action of the Bailio planet in 
1779; The discovery of arne"# comet revolving in an elliptic orbit nearly 
equal in magnitude to the orbit of Dexell’s comet, and occupying the 
same region of the heavens with it, induced some astronomers to suspect 
that the two bodies were identical. M. Valz of Marseilles appears to 
have first advanced this hj'pothesis. He remarked that, by supj30sing a 
slight increase in the period of Faye’s comet, it would have approached 
very neai* to Jupiter in the year 1815, and would have been so powerfully 
disturbed by that planet, that if it had been previously revolving in 
an orbit of wider dimensions it would havo been thrown by the action of 
the planet into the small ellipse in which it is now moving. Considering 
next the effect produced ou Dexell's comet by the action of Jupiter in 
1779, lie found by means of Burcbardt’s data that the new ellipse into 
which the comet was then thrown -would have a period of rather more than 
sixteen -veats. Hence, when the comet had made a little more than two 
revolutions, it would have again arrived in a position favourable for the 
action of Jupiter, and would be thrown into the smaller orbit in which it 
Was moving pi'evious to ,1779. Comparing tlie eb''.nientB of ibis orbit witli 
those of the orbit in whicli Faye’s comet moved, lie concoived that the 
resemblance was so strong' as to justify tho couclusion that t.bo two orbits 
referred to tho same comet, the one lunng poviodirally convcvt.ilvlo into 
the other by the disturbing action of Jupiter. 'I'liis idea, was no less 
novel and ingenious than it was interesting and plausililc ; but., ns it rested 
merely on a rough estimate of Jupiter’s innuence during the period com¬ 
prised betAveeii tlie actual appearancAcs of the two comets, it could not bo 
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•recognised as an establislied trutli in xihysical astronomy. The subject 
was one well adapted to the searching powers of a ILaplace or a Poisson, 
and in their countryman, M. lie 'Verrier, astronomy found on the present 
occasion a worthy representative of these illustrious geometers. The 
mode of proceeding which JLe Verrier proposed to adopt in this inquiry 
was first to determine the effect produced by Jupiter on Lexell’s comet, 
from its discovery in 17*70 until the action of the planet ceased to be 
sensible, and then to trace bach the elements of Faye’s comet through the 
various revolntions comprised between the appearance of that body in 1843, 
and the ep) 0 ch down to which he had conducted his researches on Fexell’s 
comet. If the ultimate elements of Faye’s comet, w'hen thus determined, 
were found to coincide with those of Fexell’s for the same epoch, it might 
then be concluded that the two comets ^vere identical; but on the other 
hand, if they exhibited discordances Avhicli could not be accounted for by 
any admissible supposition of errors, whether of observation or calculation, 
it must necessarily follow that the comets were two distinct bodies. To 
Verrier found that the ultimate results would be very much affected by 
the errors in the original elements of both comets, for the effects of these 
errors coutinually increased with the lapse of time, insomuch that in some 
instances a very small variation of the fundamental elements Avpuld be 
sufficient to alter entirely the character of Jujoiter’s influence. The in¬ 
vestigation was therefore much more complicated and the conclusions less 
definite than might have heen expected if the data had been more precise. 
Le Verrier having submitted to a careful discussion the observations of 
1770 on Lexell’s comet, determined by means of them the elements of 
the orbit, and then investigated the action of Juxoiter on the comet. lie 
found that, when the latter arrived within the sphere of the planet’s in¬ 
fluence, it was compelled to deviate from its elliptic orbit, and described 
an hyperbola round the p^lai^et. The errors of the elements might even 
be such that, after the, action of the planet ceased to be sensible, the comet 
would still continue to move in an hyberbola, and in that case would never 
again return to the solar system. Fe Verrier computed the elements of 
the comet for tlie time when it quitted the sphere of Jupiter’s influenco, 
and then compared the results with the elements of Faye’s comet, Iho 
latter being traced up to the same epoch through the various revolutions 
anterior to its appearance in 1843. He found that, U 2 mn any jiossiblo 
supposition of the errors of observation, the elements of Faye’s comet could 
not be x-econciled with those of Lexell’s, and he thcx’cforo came to the 
conclusion that they were two distinct bodies. 

It is possible that Faye’s comet may have originally emerged from the 
boundless regions of space describing a parabola or hyx^orbolii having the 
snn in the focus, but that on its arrival within the spohorc of Jupiter’s iii- 
ffuence it was tliromi into a new orbit by the p^owcrful action of that 
planet, and was permanently fixed in the solar system. If the funda¬ 
mental elements of the comet were mathematically accurate, this questioji 
might he decided, at least for any determinate period, by tracing back tlio 
comet through the various revolutions anterior to 1843. The errors, 
however, with which the elements are affected by the inevitable errors of 
o^ervation, impart so indeterminate a character to the results, tliat, even 
n the comet had been so introduced into the solai' system, it would have 
een irq^wMsible to ascertain the exact time wdieix this event happened, 
hut altiiough the question does not admit of a definitive solution, on 
account of the circumstance to which we have just alluded, still it is pos- 
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sible to assign tlie minimum time during wliich the comet lias been re¬ 
volving witliin. the limits of tlie solar system. Le Verriei' found that it 
must have been introduced into the system at least as early as the year 
1747; whence it followed that it had made at least thirteen revolutions 
in an elliptic orbit previous to its discovery. 

The intei’est excited by the periodic comet of 1843 had only abated in a 
small degree when the solar system was enriched by another discovery 
of the same class. On the 29th of August, 1S44, De Yico, the director 
of the Observatory at Rome, discovered a comet, which was soon after¬ 
wards found by M. Raye to revolve in an ellipse with a period of about five 
years and a half. MM. Raugier and Mauvais, of the Royal Observatory of 
Paris, instituted a comparison between the elements of this comet and those 
of one observed in 1585 by Tycho Rrahe and Rothmann, Halley had cal¬ 
culated the elements of the last-mentioned comet on the supposition that 
it revolved in a parabola, but the French astronomers shewed that the 
motion might be satisfied better by an elliptic orbit with a period of five 
years and two months. From the close resemblance which the elements 
of this comet bore to those of the comet of 1844, MM. Raugier and 
Mauvais concluded that the two bodies were identical, the actual dis¬ 
cordances of the elements being ascribed b^j'tliern to the effects of planetary 
perturbation. The grounds upon which this conclusion rested were indeed 
very plausible, for the eccentricities of both orbits were almost the same, 
the places of the perihelia did not differ more than 30°, and the distance 
between the nodes was only 22". It is manifest, however, that the 
identity could only be established beyond all doubt by a comparison of 
the elements of both comets when rigorously determined for some 
common epoch. Re Verrier investigated the subject by tracing back 
the comet of 1844 through the anterior revolutions up to 1585, and 
then comparing the elements for that epoch with those of the recorded 
comet. The results at which he arrived shew how unsafe it is in researches 
of this nature to adopt any conclusion which is not verified by rigorous 
calculation. As we have mentioned already, the distance between tlie 
perihelia of the comets observed in 1844 and 1585 was only 80°, and it 
was reasonably enough supposed that this displacement might have been 
produced by the action of tiie planets. Ije Verrier, however, found tliat, 
when the orbit of the comet of 1844 was traced back, the perihelion, 
instead of approaching toivards that of the comet of 1585, on the contrary 
receded further and further/row?, it, insomuch that, at the epoch of 1585, 
tlie perihelia of the two comets were diametrically opposite to each other. 
The nodes also of the comet of 1844 continually receded from those of the 
comet of 1585, so that, in order to coincide with the latter at the epoch of 
comj)arison, they w'ould require to move through 338", and not 22° during 
the period comprised between 1844 and 1585. The elements of both 
comets, when thus determined for the common epoch of 1585, offered dis¬ 
cordances of such magnitude as appeared to Re Verrier to be incompatible 
with identity, and he therefore came to the conclusion that the two comets 
were totally distinct bodies. He also ascertained in the course of the 
same researches that the comet of 1844 was not identical with Rexell’s 
comet. He discovered, however, such a strong resemblance between 
the elements of the new comet and those of a comet observed in 
1678 by Ra Hire, that he considered himself fully justified in concluding 
that they were identical. Thus, althougli the comet of 1 844 lias doubtless 
formed a part of the solar system for many ages, and has frequently ap- 
Xiroached very near the earth, history records only one instance of its 



HISTOB'^ OB' PSYSICAL ASTRONOMY. 


appearance preTions to tlie year 1844. The planet Jupiter, which in all 
probability chained it down orgiiially to the system, will one day act upon 
it y?ith e^ual intensity, but in an opposite direction, and we may reasonably 
presume that,- when it has escaped from his influence, it will again 0y off 
into infLnite space, describing a parabola or hyperbola. 

The theory of Jupiter’s satellites has not received any material iniprove- 
noent since the publication of the lSd.eociniQH& Cjelcste. In 1817 Delambie 
published new tables of the satellites founded on all the eclipses that had 
been obser-ved from 16 60 down to the cornmencement of the present centui j. 
These were succeeded by Damoiseau’s tables which appeared in 1830. 

The satellites of Saturn have hitherto occixpied the attention of geometers 
only in a very small degree. This has chiefly ai’isen from the small pio- 
gress made by astronomers in determining by observation the elements of 
their motions, and in tracing, ci postevioTi-, the ^moie consideiable in- 
eoualities resulting from their mutual perturbation. "VA' e have seen a 
strihing proof of the utility of observation for both these purposes, in the 
history of Jupiter’s satellites. The influence of the spheroidal figure of 
Saturn is clearly indicated by the positions of the ring and the orbits of 
ihp interior satellites, which comoide almost with the plane of his equator. 
As the 'satellites-recede from their primary, the disturbing action of the 
sun ippreaaes relatively to that occasioned by the spheroidal figure of the 
planet, and the orbits commence to deviate sensibly from the plane of his 
equator, and to incline towards that of the ecliptic. The sixth, or Huy- 
genian satellite, which is the brightest of all, and therefore the most 
favourable for observation, has formed the subject of an elaborate investi¬ 
gation by Bessel. Trom the motion of the apsides of this satellite, he 
concluded that the mass of the ring amounted to of the jdanot’s mass. 
He also obtained for the latter a value agreeing very nearly Avitli that 
deduced by Bouvavd from the equations of condition employed iu the con¬ 
struction of Jupiter’s tables. Some valuable obsei’vations of the satellites 
were made by Sir John Eersehel in the course of his residence at the 
Cape of Good Hope. From those of the sixth satellite he derived oleinents 
which agreed very nearly with the values assigned by Bessel for- tlie cjioch 
of 1830, tahing into account the variation of each element daring the inter¬ 
mediate period. He also computed the epiochs and mean motions of tli<3 
other satellites, and obtained results which accorded very w^ell with those 
deducible from the earlier observations of Sir ‘William Herschcl. 

If the theory of Saturn’s satellites is still in its infancy, the remark 
applies with still greater force to the satellites of IJi'anus. TJicsa bodies 
can only he rendered visible by means of the most powerful telescopes, and 
therefore it may naturally be presumed that a considerable time will elapse 
before a correct theory of their motions be formed. When their elements 
are once determined by observation, they will offer peculiar interest to the 
geometer in consequence of their motions being retrograde and the planes 
of their orbits being nearly perpendicular to the plane of the ecliptic. 

The consummate researches of Tagrange left little to bo accomplished 
in the theory of the Libration of the Moon. Poisson applied his powers of 
an^ysisto this interesting subject, but the results at which he arrived had 
only the effect of confirming those obtained by the illusfiioiis geometer 
just mentioned Although the mean motions of the moon with respect to 
rotation and revolution be both equal to each other, still the inequalities 


r 1821-22. The researches of Poisson are principally 

directed to the inequalities iii the inchnation and node of the lunar equator. ^ ^ 
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IB loiigitiide will cause them to^ differ genemllj for any assiguaHe time. 
A lie longest ams of tlie lunar ellipsoid will therefore de viate always a little 
from the^ direction of the earth’s action, and hence will arise a series of 
inequalities in the mocnr’s rotation corresjionding to her various iiieqr).alities 
in longitude, and causing a real libration in her motion. The magnitndo 
of these inequalities manifestly depends on the figure of the moon, or in other 
words on the ratios of the three axes of the lunar ellipsoid. Hence, if the 
ratios of these axes be known, we shall be enabled to compute the maxi¬ 
mum values of the inequalities, and, vice vstsc}, if the latter he determined 
by observation, we can readily derive from them the ratios of th© axes, and 
consequently the exact elongation of the moon’s figure. Bouvard and 
Njcollet undertook for this purpose a series of careful observations of the 
moon’s libration in longitude at the Bojml Observatory of Paris, The 
Connai^^mice de^ Tem^ps for 18^23 contains a beautiful paper by Hipollet, 
in which lie submitted these observations (amounting in number to 1T4) 
to a searching discussion. The only sensible inequality was tbat cor¬ 
responding to the anntial equation in longitude : it appeared by observa¬ 
tion to have a niaximuin value eqmil to 4' 45''. The results at which he 
arrived relative to the ratios of the axes do not accord with the generally 
admitted opinion respecting the primitive condition of the moon. He 
found, ill fact, that the difference between tlie least and greatest axes was 
greater than what it would be on the supposition that the moon was 
originally a fluid mass. 


_ It has been well remarked by the illustrious Humboldt, that no inquiry 
m imysical science can compare with that relating to the Figure of the 
JLarth in the disproportion which exists between the ultimate object of 
attainmeut and the number of ingenious and refined processes both in 
niatheinatical and astronomical science, which the long and arduous pursuit 
of it has given birth to. The theory of tliis subject remains nearly in the 
condition in which Olairaut left it, for the researches of laiplace, notwitli- 
stciiiding tliG r6ni£ir]vtil>l6 cluinictBr ol tlic iiiicilysis <3niployed, in tlioir expo-’ 
sition, contributed only in a small degree to its advauceinent. ’We bavc 
mentioned in one of the forogoiiig chapters that tbe attraction of elliptic 
splieroids is^ intimately associated with the question of the liglires of the 
celestial bodies. The most important improvement which this iiart of the 
theory of gravitation has received in recent times is due to the late JMr. 
Ivory The problem for determining the attraction of a spheroid upon a 
particle situated in its interior had yielded at an early period to the 
resources pf the ancient geometry, and was afterwards found to admit of an 
easy solution by analysis. The analogous problem lor an exterior particle, 
on the other hand, offered difficulties which long seemed to be insuperable, 
and, altliough Haplace finally succeeded in devising its solution, his method 
was so incomplete us to leave ample scope for further research. The sub¬ 
ject continued _ to engage the attention of the ablest analysts until Mr. 
Ivoiy finally discovei-ed the well-known beautiful theorem, by means of 
which the attraction of a spheroid upon a point without it is immediately 
deiived from its attraction on a point within itf. This theorem is remark¬ 
able for being tbe most important contribution to mechanical science which 


Born at Dundee in 17C5; died at Hampstead, near I.oinlon, in 1841, Durinp; llio 
early penod ot his career he was in all probability tbe only person in Britain who possessed 
an mtiniate acquaintance with the methods of analysis employed in the hielier investitra- 
tions ot Physical Astronomy, 
t Phil. Trans., 1809. 
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Had been, made by a native of tbe Britisb. Isles since tbe days of Mac- 
lanrin. The memoir wbicb. contains its original announcement deserves 
also to be mentioned, on account of the intimate acquaintance -which the 
author of it exhibits with methods of analytical investigation, the use of 
which had been hitherto confined exclusively to the mathematicians of the 
continent. Mr. Ivoiy soon aftei'wards gave another striking proof of his 
talents by a critical examination of Laplace’s researches relative to the 
attraction of spheroids of small eccentricity. Having pointed out what he 
conceived to be certain defects in Laplace’s reasoning, he expounded the 
peculiar calculus of that great geometer by a method of his own, remai'kable 
for its clearness and elegance. The objections urged against Laplace’s 
demonstration are now admitted to have originated mainly in a miscon¬ 
ception of the author’s meaning ; but the memoir of Mr. Ivory has been 
universally admired as a fine exhibition of analytical skill The important 
subject of the attraction of spheroids has more recently engaged the atten¬ 
tion of Plana, Gauss, Poisson, Airy, and other eminent geometers, but no 
striking results have been elicited by their researches. 

Before proceeding to notice the applications -which have been made of 
Glairaut’s theorem to the determination of the Earth’s ellipticity, it may 
not perhaps be uninteresting to give a brief account of tlie geodetic 
operations which have been carried on in recent times with the view of 
attaining the same object by the actual measurement of arcs on the 
Earth's surface. 

An arc of the meridian has been measured in the present century by 
Gauss, extending from Gottingen to Altona, and embi'aciug an amplitude 
of 0' 67''. The latitudes at the two extremities of the arc were deter¬ 
mined by means of Eamsden’s famous zenith sector. An arc of still 
greater extent has been measured in Pussia by M. Sti'uvc. Its northern 
extremity is situated in Hochland, an island in the Gulf of Einland ; and 
from this point to Jacobstadt, its southern extoemity, it embraces an 
amplitude of 3° 35' 5''. One of the peculiarities connected with the 
measurement of this arc consisted in the determination of the latitudes 
by means of the transits of stars across the prime vertical f. Wo 
may remark that this mode of observation is extensively practised by the 
German astronomers of the present day, for the x^Ripo'se of ascertaining 
the declinations of the stars. The operations of M. Struve -svcrc subse¬ 
quently connected with those of Von Tenner in the south of the Russian 
empire, and the whole arc now extends to 8° 2' 28"-01. The geodetic 
operations by means of -which Bessel]; connected the arc of M. Struve, in 
Russia, with the extensive triangulations of the -west and south of Europe, 
exhibited in a remarkable degree the power of that ‘illustrious astronomer 
to sytematize and perfect every subject which bore any relation to his 
favourite science. It may be remarked that in all geodetic ojicrations 
more angles are generally observed, than those wdiicli the principles of 
geometry render indispensably necessary to be known for the purposes of 
computation. This circumstance will manifestly give rise to a number of 
relations between the observed angles, which would be rigoi'ously satisfied 
by the latter if they were mathematically accurate. This condition, how- 


be 


* Phil. Trans., 1812-22. 

t Bora at Minden 1784; died at Konigsberg 1846. He is generally allowed to 
the ^eatest astronomer which the pi-esent century has hitherto produced. 
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ever, being practically ■unattainable, it remains for the computer to inves¬ 
tigate the true correction which should be applied to the values of the 
several angles. For this purpose each angle is assumed to be affected 
with an unknown error, and then, by means of the relations above men¬ 
tioned, a number of equations of condition are formed between the unknown 
quantities. Now Bessel determined the values of these quantities, not 
according to the practice hitlierto pursued, of grouping the equations of 
condition into a number of isolated systems, but by combining them all 
together, and submitting them to one miiforni and systematic mode of treat 
ment. The superior advantage of thus makiug the totality of the observa¬ 
tions subservient to the determination of their individual errors is too 
obvious to require any further notice. 

The numerous arcs of the Earth’s surface which have been measured in 
recent times, with the most scrupulous attention and skill in all their 
details, have enabled astronomers in the present day to arrive at more 
definite conclusions relative to the magnitude and figure of the earth than 
it was possible to have deduced at an earlier period. In 1833, Mr. Airy 
discussed all the arcs of any value that had been measured either in the 
direction of. the meridian, or perpendicular to it. Rejecting the arcs of 
parallel as unworthy of confidence in so delicate .an inquiry, sind also all 
those arcs of the meridian which, being situated in mountainous countries, 
might be vitiated by the effects of local disturbance, ho derived the 
elements of the earth’s figure from the remaining data by a very simple 
process, in which he was mainly guided by a sagacious appreciation of the 
relative merits of the ancient and modern measurements. His final con¬ 
clusion was that the exterior surface of the earth may be represented by 
an ellipsoid of revolution, the polar semidiameter of which is 30,858,810 
feet, or 3949.685 miles; and the equatorial semidiameter 30,938,713 feet, 
or 3963-834 miles *. This gives 09,908 feet, or 18.389 miles for the excess 
of the equatorial over the polar semidiameter, and for the value 

of the ellipticity. These results have received a most satisfactory 
confirmation from the researches of Bessel, who in 18 tl was con¬ 
ducted to ail ellipticity equal to aJfy-nr elaborate discussion of 

all the most reliable arcs of the meridian. Wo may mention that the 
elements of Mr Airy are those which have been enq)loyed in all the 
more recent calculations connected with the Ordnance Survey. We 
shall have occasion presently to notice a very satisfactory confirmation of 
tlieir accuracy which has been afforded l>y the measurement of an exten¬ 
sive arc of parallel. 

The great meridional arc of India has recently received a considerable 
extension. The operations connected with this arc were commenced by 
Colonel Lambton about the beginning of the present century, and the first 
section, extending from Pumice in lat. 8® 9' 85''' to Damargida, in lat. 

8' 15", was completed by that officer in 1815. Another section extending 
from Damargida to Kalianpur, in lat. 14® 7' 11", was executed by Oolonel 
Everest, who succeeded Colonel Eambton in the superintendence of the 
operations, upon the death of the latter in .1833. The whole arc from 
Punnoe to Kalianpur embraced, therefore, an amplitude of 15° 57' 19", and 
was consequently the most considerable which had yet boon nioasured. The 
methods employed were similar to those practised in the measurement of 


* Rneyd. Metrop., Art. Figure of the Eiulli. 
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the English arc, and the result was generally considered hy competent 
judges to be equal in point of accuracy to the very best modern deter¬ 
minations of a similar character. The recent extension to which we have 
alluded is due to Colonel Everest, who has now prolonged the arc to 
Kaliansi, in latitude 29° 80'48''^. He effected this object not by continuing 
the triangulation from Kaliaiipur, the northern extremity of the great arc, 
hut by proceeding in the opposite direction from Kaliana to Kalianpur. 
For this purpose a base was measured in the Talley of Dhera Dhun, near 
the inferior range of the Himalayah Mountains. The extreme station 
of the arc was situated at a distance of seventy miles to the south of the- base. 
Colonel Everest justly fearing that, if a less remote locality were selected, 
the attraction of the Himalayah Mountains might exercise a disturbing 
influence on the celestial observations. In 1837, Colonel Everest com¬ 
pleted the triangulation as far as Kalianpur; and, as he had some doubts 
respecting the accuracy of his previous operations beyond this point, he 
continued to advance southwards, until he reached Eamargida, the northern 
extremity of Colonel Lamb ton’s arc. The celestial amplitude was deter¬ 
mined by dividing the terrestrial arc into two sections at Ivaliaupur, and 
then making simultaneous observations on the stars at the two extremities 
of each section. Thirty-six stars were observed in determining the ampli¬ 
tude of the northern, section, and thirty-two in determining that of the 
southern section. In each instance half of the stars were situated to tho 
south and the other half to the north of the zenith points of both ex¬ 
tremities of the arc; but the greatest distance of any star from the nearest 
zenith did not exceed 5". The amplitude of the northern section was 
found, to be 5° SS' 37T051, and that of the southern section, 0" 3' 55".073. 
This gives 11° 27' 33".024 for the amplitude of the whole arc measured 
by Colonel Everest. The terrestrial length of the northern arc was 
found to be 1961157.117 feet, and that of the southern arc 2202920.190 


feet. Comparing these results with the amplitudes, it jippears that 
the length of a degree of the meridian in mean latitude 20'' 40' is 
363,606 feet, and that the length of a degree in mean latitude, 2]" 5', 
is 863,187 feet- The whole of Colonel Everest’s arc, when compared 
with the English arc between Eunnose and Clifton, gives for 

the ellipticity of the earth. A similar comparison with the French arc 
gives with the Russian arc-j^; and with the Swedish arc 
sides the base measured in the valley of Dliera Dlmn, two bases of vori- 
fleation were measured by Colonel Everest, one at the southern extremity 
of the whole arc, and the other near Kalianpur, the middle station. The 
verification was effected by coraputing the bases at the two extro.u\itics of 
the arc from the base in the middle, and then comparing the results with 
■those derived from actual measurement. In this manner the length of the 
base at the northern extremity was found to be 39188.273 feet hy com¬ 
putation, and 39183.873 feet by actual measui'ement. The difference, 
therefore, arnounted only to -j°(jths of a foot, or abont seven inches. Again, 
the length of the base at the southern extremity was found to be 41578.178 
fe^ by computation, and 41578.536 feet hy measurement. This gives a 
merenee of ^^^ths of a foot, or a little more than four inches. The near 
i^reement of these remits affords a strong guarantee for the accuracy of 
e w 0 e o]^ration. The bases were measured with an apparatus devised 
Colby while engaged in the operations of the Irish Survey. It 
consisted essentially of two metallic bars, each ten feet long, so connected 
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together as by* tlieir tinfequal expansion to obviate the necessity of aj^ply- 
ing a correction for temperature®’. 

The great Indian arc from Punnoe to Kaliana now embraces an ampli¬ 
tude equal to Ul' 13'^, The southern portion may not perhaps bo so 
unexceptionable in its execution as it was at one time generally supposed 
to be but still, when taken in its full extension, this arc is unquestionably 
one of the most valuable data we possess for determining the figure of the 
earth, and is destined in all ages to shed a brilliant lustre on the history 
of British rule in India. 

The ai'O of the meridian measured hy Tacaille, at the Cape of Good 
Hope, presented an unaccountable anomaly when compared with similar 
measurements executed on the opposite side of the equator. It would 
appear, from the result at which he arrived, that the earth’s surface is less 
curved in the southern than it is in the northern hemisphere. This con¬ 
clusion excited the surprise of astronomers, being totally at variance with 
the theory of gravitation, which assigns the same ellipticity to both hemi¬ 
spheres. On the other hand, the high celebrity of the astronomer upon 
whose authority it rested, served only to render the question still more 
perplexing. When Colonel Everest visited the Capo of Good Hope, in 
181:^1, lie carefully inspected the tract of country in which the arc was 
measured, and drew up the result of his observations in a letter addressed 
to Colonel Lambtoii, which appears in the first volume of the “ Memoirs of 
the Astronomical Society.” The southern extremity of the arc was si¬ 
tuated at Tacaille’s Observatory in Cape Town, and the northern extre¬ 
mity at lOeip Tonteyn. The celestial amplitude was 1*^ IS' l/'.r)5, and 
the latitude of the middle point was 33*^ 18' 80". Tacaille found the ter¬ 
restrial length of the arc to be 68409 toises,—whence 1® ivas equal in 
length to 5 703T toises. Now, if we assume the earth to be an obUito 
spheroid, having an ellipticity equal to a supposition wliich agrees 

very well with the result of a comparison of meridional arcs in the nortli- 
ern hemiapbere, the amplitude of an arc who.so iorrostrial length and 
mean latitude is the same as that of hacaille’s will be found to be 
1® 13' 10".54. This result exceeds, by 8".99, the amplitude of the arc 
as determined by Tacaille. Colonel Everest strongly suspected that tli<3 
discordance arose from tbo disturbing influence occasioned by tlie attrac¬ 
tion of the mountains in the neighbourhood of tlio two terminal stations. 
He remarked that the mountains at Gape Town would so alfect the phiinh 
line as to make the zenith api^ear a. litt.lo to the south of its true jrbico, 
wliile, on the other liaiid, those at Ivlaip Fonteyn would cause the /,eiiith 
of that station to deviate a little to tlie tiortli of its true place. Hence 
the apparent anixditudo of the arc as derived from the zenith distances of 
the star's at its two extremities would bo less than the true anq^litiide by 
the Slim of both zenith errors. Colonel Everest therefore concluded, tliat 
Lacaille’s measurement might bo reconciled with the usual value of tlie 

* The accuracy of the results obtainable by tbo use of this apparatus was put to a severe 
est by the remeasurement of the bases. The base of Dhera Dhun was remensured in an 
)pposile direction, and, although the whole length exceeded seven miles, the two ve.suUs 
lid not differ by so much as 2^ inches. Another mode of verification eoiusisted in 
lividing tlie base into three sections, and, having remeasured the middic scetion, deriving 
be other two from it by triangulation. The whole length of the base when determined 
y this process did not dilFer more than a quarter of an inch from the original mc.'isurc- 
lent. An equally satisfactory result was obtained by a similar remeasurem'ent of the base 
t Damargida, the southern extremity of the arc. 
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ellipticity, by assuming that the zeniths of the t\Vo extreme stations were 
disturbed by local attraction to the extent of 8".99. After alluding to 
the inexpediency of remeasuring the arc, in conseq[uence of the practical 
difficulty of observing the angles from liacaille’s stations, this distin¬ 
guished officer then proceeds in the following terms :—“ It might he in¬ 
teresting, no doubt, to ascertain the exact latitudes of both extremes of 
the arc, by a series of triangles connecting them with the observatory now 
about to be erected in this neighbourhood, and this, which will doubtless 
he hereafter done, may in able hands furnish a new datum respecting the 
attraction of mountains ; hut, as to the arc itself, it seems to me to be too 
small to be of any weight, even were all other objections removed, and 
the labour of correcting the old result, except for the mere curiosity of 
the matter, would therefore be much better expended upon a new series 
of triangles. Such a series, instead of terminating at Klleip Fonteyn, 
might very easily be carried through the couhti*y of the Nainaguas to the 
northern boundary of the colony, which would furnish a very pretty arc 
of nearly 4.^ in amplitude, and, I doubt not, set for ever at rest the ano¬ 
malous hypothesis of the different form of the two opposite hemispheres of 
the globe.” 

We have cited these remarks, not only because they reflect the 
highest credit ou the sagacity of Colonel Everest, but also on account 
of the interesting confirmation which they have recently dci'ived from the 
labours of Mr. Maclear, the Astronomer Koyal at the Cape of Good Hope. 
In the year 1837 the latter determined the latitude of Lacaille’s Obser¬ 
vatory by means of a triangulation connecting it with the Royal Obser¬ 
vatory. The result, when compared with that derived by Hacaille from 
direct observation, seemed to indicate the existence of local attraction. 


but the discordance was not sufficiently great to account for the whole 
anomaly of Lacaille’s arc. Mr. Maclear resolved, therefore, to verify the 
entire operations of that astronomer by a careful remeasuremout of the 
arc. The latitudes at the extreme stations, as determined by means of 
the zenith sector, were found to agree with the values assigned by Ea- 
cedlle, but the computation of the triangles had the effect of shortening 
the arc by SOO feet, and thereby reducing the anomaly in its length to 
about half its previous magnitude. Suspecting that the remaining part 
of the error arose from the ill-conditioned character of Eacaille’s tri¬ 


angles, he chose another set of stations, and then repeated the whole 
operation ; but to his great disappointment he obtained a result which 
agi’eed almost exactly with that at which he had previously arrived. He 
now resolved to measure an arc of three or four degrees, and to select 
the two extreme stations, so as to be beyond the reach of local disturh- 
object he successfully effected notwithstanding many hard¬ 
ships he had to encoimter in consequence of the inclemency of the weather, 
and the impassable nature of the country in which his operations were 
conducted. The triangulation was carried southwards to Cape Point, and 
northwards as far as Kamies Berg. The distance between these two ex¬ 
tremes comprehended an arc of nearly 40 S'; but, as Mr. Maclear sus- 
pec^d that the station at Gape Point was subject to local disturbance, he 
txed the southern hmit of the arc at the Boyal Observatory. The dis- 
We between . this station and Kamies Berg included an arc of 8® 34'. 

Kleip Fonteyn, and the 
final lesnlt It wMoh he arrived 
uas of the most gratifying character. He found that the length of a 
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degree was now almost exactly reconcilable with the ellipticity derived 
from a comparison of meridional arcs in the northern hemisphere. He 
also completely succeeded in tracing the various circnmstances which 
conspired to vitiate Lacaille’s arc. We have already mentioned that the 
error was reduced to half its original magnitude by the remeasurement of 
the terrestrial arc. The remaining half was found by Mr._^ Maclear to 
arise from errors in the latitudes of the two extreme stations, occasioned 
by the attraction of the mountains in their neighbourhood. When the 
latitudes were determined at stations removed from the iniiuenee of local 
attraction, and then connected •trigonometrically with the arc, they were 
found to be very nearly reconcilable with the usually received value of 
the ellipticity. A slight deviation of the plumb-line took place at tlie 
southern station, but a much greater deviation was occasioned by the at¬ 
traction of the mountains at Kleip Fonteyn. The errors at both stations, 
however, conspired together in reducing the amplitude of the arc, agree¬ 
ably to the remark of Colonel Everest. Mr. Maclear has earned for him¬ 
self a high place among living astronomers by the ability with which he 
has executed this important geodetic operation. It is gratifying to reflect 
that his labours have removed a serious difficulty from the science of 
astronomy, since we are now assured that the actual measurement of 
meridional arcs on each side of the e<iuator concurs with the theory of 
gravitation, and the experiments with the pendulum, in assigning the same 
ellipticity to both hemispheres. 

The arc of the meridian connected with the trigonometrical survey of 
Great Britain now extends from Duunose, in the Isle of Wight, to Balta, 
one of the Shetland Isles, and embraces an amplitude of 10'* 7' 55".S8. 
The latitudes were determined with Ramsden’s zenith sector at ten dif¬ 
ferent places, including the two extreme stations. When the whole course 
of triangulation was executed, the latitudes at the various stations were 
then computed by means of an assumed value of the ellipticity, and the 
relative bearings and distances, setting out from Greenwich, with which 
the operations were trigonometrically connoeted.’ The latitudes found in 
this manner for the two extreme stations, on being compared with those 
determined with the zenith sector, presented a discordance which seemed 
to imply an error either in the observations, or in the assumed value of the 
ellipticity. The latitude of Duiinose was again determined with the new 
Ordnance zenith sector^*', but no error was discovered in the previous mea¬ 
surement. Another station was then selected about a mile distant', and 
the latitude, on being determined with the same instrument, was found to 
differ as much as 3".St from the result obtained at the original station. 
This circumstance is the more remarkable, as the surrouiuling country 
does not seem to indicate the existence of any disturbing influence. The 
latitude as thus determined at the new station coincided exactly with that 
previously found by a geodetic process,, and thereby afforded an important 
confirmation of the value of the ellipticity upon which the latter result 
depended. The computed and observed latitudes of the northern extre¬ 
mity of the arc at Balta presented also a similar discordance, and were 
similarly reconciled together by repeating the observations with the zenitli 
sector at a place in the neighbourhood of the original station. The me¬ 
thod of determining the latitude of a place by coiinectiug it trigonome- 

* The superb instrument of Ramsden, having been deposited for safety in the ar¬ 
moury of the Tower, was unfortunately destroyed by the fire which consumed that part 
of the building in 1841. 
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ricallywitli a distant station, is probably destined to throw much valuable 
light on the subject of local disturbance, especially since the true figure 
of the earth is now pretty well ascertained. 

It wHl readily appear on the inspection of a map that the position of 
the British Isles is well adapted for the measurement of an extensive arc 
of parallel. Ari important illustration of the truth of this remark has 
been recently aftorded by Mr. Airy’s determination of the ai'c of longitude 
comprised between Grreenwicli and Valentia, a small island on the south¬ 
west coast of Ireland*!'. This island is situated about 11° west of 
Grreenwich, and lies nearly in the same, latitude with it. Mr. Airy 
proposed in the first instance to determine the exact difference of the 
longitudes of the two places by the transportation of chronometers, and 
then to effect the same object by means of the hearings and distances 
assigned by the Ordnance Survey, combined with certain assumed elements 
of the earth's figure- If the two results were found to agree within 
sufficiontly narrow limits, it might then be fairly presumed that the 
elements of the earth’s fi^ire were well determined. On the other’ hand, 
if they differed to a sensible extent, the amount of the difference would 
serve to indicate the correction which it would he necessary to apply to 
the assumed elements. Feagh Main, in the island of 'Valoiitia, was 
^l^ted as the^ extreme western point of operations, while Kingston, near 
Onhlin, and Liverpool, were used as intermediate stations. The elements 
01 the earth’s figure, assumed as the basis of the geodetic, calculations, 
were those which Mr. Airy had arrived at., by a discussion of arcs of the 
meridian, and have been already mentioned in this chapter. The com¬ 
parison of the chronometrical and geodetic arcs exhibited a most gratifying 
accordance, and thereby afforded a valuable confirmation of tlio assumed 

earth’s figure ■[. This is assuredly not the least valuable 
many results for which astronomy is indebted to Mr. Airy. 

We iiow proceed to give some account of the researches that have been 
prosecuted for the purpose of deducing the elliptioity of the earth from the 
varia ion, of gravity at its surface. We have already mentioned that 
^ Mem* Ast. Soc., vol, xvi, 

the results obtained by a comparison of the various geodetic, and 


Geodetic arc of longitude from Greenwich to Liverpool 
Ghronometrieal arc .... ^ 

Chronometrical arc smaller. 

Geodetic arc from Greenwich to Kingston 
Chronometrical arc * • . . ^ . 

Chronometrical arc smaller .... 

Geodetic arc from Greenwich to Fea^h Main 
Chronometrical arc ... “ ... 


Chronometrical arc larger ... 

Geodetic from Liverpool to Kingston 
Chronometrical arc. 

Chronometrical arc larger 


Geodetic arc from Kingston to Feagh Main 
Chronometrical arc . . ” 


Chronometrical arc larger 


12"* 

0“ . 

35 

12 

0 

.05 


0 . 

,30 

24"* 

31'' 

.48 

24 

31 

.20 


0 

00 

• 

41''\ 

23* 

.07 

41. 

23 

.23 


0 

.16 

12"*. 

31* 

.18 

12 

31 

.15 


0 

.02 

16"" 

51* 

.59 

16 

62 

.03 


0 

^44: 













•mSTOBY OF PHYSICAri ASTBOKOMY. 


1%1 

Glairaiit’s tlxeorem enables us to ascertain the value of this element when 
once we know the relative intensities of gravity in two different latitudes- 
The peiidnlum which Huygens had already applied so admii-ably to the 
measurement »of time derived from this circumstance a vast accession of 
importance in the estimation of astronomers. In order to understand how 
the oscillations of a pendulum lead to a knowledge of the figure of the 
• earth, it is necessary to obtain a clear view of the various circumstances 
which affect the rate of oscillation. A biief notice of them here may 
not perhaps he unacoeptahle to the reader, as they are inseparably 
associated with the history of the application of the pendnlum to scientific 
purposes. 

When a pendulum oscillates in vacuo through very small arcs, the rate 
of oscillation will depend on the length of the pendulum and the intensity 
of the moving force. If the oscillations he supposed indefinitely small, a 
simple relation connects these three elements together, so that by means 
of it we can ascertain the value of any one of them when the other two are 
already known. Hence the intensity of the moving force may be readily 
derived from the length of the pendulum. a.nd the rate of oscillation ; and 
if the latter element remain constant, or, in other words, if the pendulum 
continue to perform the same number of oscillations in the same time, the 
variation of the moving force will be indicated by the different lengths 
which it will be found necessary to assign to the pendulum. On the other 
hand, if the length of the pendulum be assumed to be constant, the 
variation of the moving force will be indicated by the greater or less 
quickness with which the oscillations are performed. Hence arise two 
elistinct methods of comparing the different intensities of a force by means 
of experiments with the pendulum. In the one case, the variation of force 
is thrown upon the length of the pendulum; in the other, it is thrown 
upon the rate of oscillation. Hotli these methods have been employed in 
determining the variation of gravity at the earth’s surface. 

The preceding remarks have reference to the purely mathematical 
theory of the pendulum, and therefore do not take cognisiance of those 
disturbing causes which in all Jcases complicate j>liysical inquiries. It is 
necessary then to investigate the effects produced by these disturbing 
causes, so that by subducting them from the phenomenon we may arrive 
at the abstract conditions which form the basis of our reasO'iiing. Hence 
arise various corrections which it is necessary to take into accomit before 
the experiments with the pendulum can be made available for the purpose 
of determining the ellipticity of the earth. 

In the first place, the theory of oscillation above stated supposes that, in 
all experiments with the same pendulum, its length remains constant. 
This, however, is a condition which cannot obtain in nature, for the 
fluctuations of temperature will cause the pendulum continually to vary in 
length, and the effect of this variation will manifestly be to disturb the 
rate of oscillation. In order then to render the theory applicable to the 
actual results of experiment, a certain standard of temperature is assumed, 
and the effect due to the deviatioii from this standard as indicated by the 
thermometer is then computed and applied to the actual rate of oscillation. 
This is termed the correction for temperature. 

Again, the oscillations of the pendulum are supposed to be indefinitely 
small. In reality, however, they all possess a finite magnitude, and also 
vary continually from one oscillation to another. Both these circumstances 
will cause the number of oscillations actually performed in a given time to 
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differ in all cases from the number of indefinitely small oscillations ■which 
would be performed in the same time. In erery case of actual experiment 
the time of a single oscillation will exceed a certain finite quantity 
depending on the length of the pendulum and the intensity'of the moving 
force; but, the smaller the arc is, the more nearly will the time of 
oscillation approach this quantity ; which may, therefore, be considered as 
the time corresponding to indefinitely small oscillations. Hence, in order 
to reduce the experiments to an accordance with theory, the effect due to 
the magnitude of the arc is computed, and then applied to the actual rate 
of oscillation. This is termed the correction for the amplitude of the arc. 

The third correction which it is necessary to tahe into account, in 
conducting experiments with the pendulum, depends on the fact that the 
force of gravity varies at different distances from the centre of the earth. 
Clairaut’s theorem has reference to the variation of gravity at the surface 
only of the terrestrial spheroid. It is necessary, therefore, to make 
allowance for the altitude of the place where the experiments are made, by 
diminishing the force indicated hy the oscillations, in the ratio of the 
square of the distance from the earth’s centre. 

Xiastly the oscillations are supposed to take place in a vacuum. In 
reality, however, they are perfoi-med in a medium of air. ISTewton first 
considered, ia accordance "with mathematical principles, the effect produced 
on the motion of a pendulum hy the resistance of the air. He has 
demonstrated, on tho two hypotheses of the resistance being proportional 
to the first and second powers of the velocity, that, when a pendulum 
makes very small oscillations in a cycloid, it does not experience any 
sensible retardation from this causePoisson subsequently showed that 
this "was also true for a pendiilum oscillating in a circle when the arcs are 
supposed very small f; in fact, although the resistance of the air opposes the 
action, of gravity when the pendulum is descending to a vertical position, 
and in conseq^uence tends to prolong the time of oscillation, yet, when the 
pend-ulum is ascending on the opposite side, the same cause conspires with 
gravity in destroying the velocity, and on this account tends to shorten 
the time of oscillation. A compensation thus takes place between every two 
half oscillations, which restores the times of the whole oscillations to nearly 
a untform state, rendering necessary only the correction due to tho 
amplitude of theaic. It must be remarked, however, that this conclusion 
is founded on an imperfect conception of the nature of the resistance 
offered by the air; for it is assumed that the particles of the latter, as soon 
as impinged on, immediately afterwards cease to exercise any influence 
upon the motion of the pendulum, either directly or by means of tho 
agitation they excite among the surrounding particles of the medium 
Newton, indeed, did not fail to perceive that this view of the question did 
not accord with the real condition of nature, for he remarked that the pen¬ 
dulum while descending with accelerated velocity would continue to operate 
upon the particles of the medium after the first impact, and that the time 
of oscillation would in consequence be prolonged, while, on the other hand 
when the pendulum was ascending on the opposite side, the continuai 
diminution of the velocity would allow the particles to escape from a similar 
succession of impacts; and hence the effect of the resistance in the one 
half of the arc of oscillation would not he exactly compensated by the 

* Princip.,. lib. ii. prop. 26 et 27. 

-t Journal de I’Ecole Polytechnique, tome vii. 
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corresponding eJBPect in tlie other half. It generally considered, how¬ 
ever, that, when the oscillations are very small, the disturbance arising 
from the resistance of the air was altogether insensible. We shall have 
occasion presently to mention a series of experiments which clearly esta¬ 
blished the fallacy of this opinion. » 

But the circumambient air exercises on bodies a statical effect, which is 
totally independent of the resistance it offers to their motion. Since a 
body immersed in a fluid suffers a diminution of weight equal to that of 
the fluid displaced by it, a j^endulum will manifestly oscillate more quickly 
in a vacuum than it will do in air. It is necessary, therefore, in all experi¬ 
ments to reduce the oscillations to those which would .take place in a 
vacuum, by computing the effect due to the weight of the atmosphere as 
indicated by the barometer. This has been termed the correction for the 
buoyancy of the atmosphere. 

Numerous experiments were made with the pendulum in the course of 
the last century, for the purpose of ascertaining by means of them the 
ellipticity of the earth ; hut, as they were not conducted with due attention 
to all those minute circumstances which affect such delicate operations, 
they cannot be considered as worthy of any reliance. We have already 
mentioned that experiments of this kind may be conducted by two distinct 
methods. The length of a pendulum which performs a certain number of 
oscillations in a given time (for example, the seconds’ pendulum) may be 
determined in different latitudes, and the results on being compared 
together will indicate the variation of gravity, and hence, also, the ellipticity 
of the earth. The same object may also be effected by transporting an 
invariable pendulum to different latitudes, and noting the number of 
oscillations which it makes in a given time at each place. This is generally 
considered to be the safest mode of experimenting, as it is independent of 
the absolute length of the pendulum, the ascertainment of which at any 
time is an operation of extreme delicacy. 

Borda, a French philosopher of great merit, was the first who deter¬ 
mined the length of the seconds’ pendulum with sufficient accuracy for 
scientific purposes. This step w^as suggested by the measurement of the 
great ai’c of the meridian of France, which took place towards the close 
of the last century, and the operation was conducted by him with consum¬ 
mate skill in all its details. In ISOT”, Biot determined, by this method, 
the lengths of the seconds’pendulum at various stations of the arc between 
Dunkirk and Formentera, and the results obtained by him may be con¬ 
sidered as the earliest data of this kind which fully deserved the confidence 
of astronomers. This distinguished philosopher afterwards made similar 
experiments at various other places in the south of Europe, and also at 
Leith and Unst in the British Isles. Comparing together the lengths of 
the seconds’ pendulum at Unst and Formentera, he obtained for tbe 
value of the earth’s ellipticity. This result, agrees very well with that 
derived from the comparison of geodetic measurements, and is doubtless a 
very near approximation to the truth. With respect to other stations, 
however, it must be acknowledged that the results were not in all cases 
equally satisfactory. 

In 1818, fresh interest was awakened in experiments of this kind by 
Captain Eater’s invention of a new method of great ingenuity for deter¬ 
mining the length of the seconds’ pendulum. Huygens had already shewn, 
that, whatever be the form of an oscillating body, the centres of suspension 
and oscillation are convertible. Availing himself of this beautiful property, 
Captain Kater attached two points of suspension to a pendulum, and then 
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by means of a simple adjustment lie brought it to make the same number 
of oscillations in a given time from whatever point it was suspended. 
"When this took place, it clearly followed that the lengtli of a simple pen¬ 
dulum oscillating at the same rate was measured by the distance between 
the two points of suspension =i'. Captain Kater shortly afterwards made 
experiments witli the pendulum at various stations of tlie Uritish arc. 
Ho employed a pendulum of a constant length in all his oiierations, and 
determined the variation of gravity hy counting the number of oscillations 
wbioh it made at each station in a mean solar day. A comparison of the 
results obtained hy him at Unst, in the Shetland Isles, and Dxinnose, in 
the Isle of Wight, the two extreme stations, gave -yiir t for the ellipticity 
of the earth I-. One peculiarity of these experiments consisted in the cor¬ 
rection for the altitude of the station being different from that hitherto 
employed. Or. Young had previously remaiked that this correction was 
in all cases too great, as no account was taken of the attraction of the 
elevated mass on which the expei'iments in each instance wore madeh 
If we were raised on a sphere a mile in diameter, and having a density 
equal to the mean density of the earth, its attraction would be about -jf-o^y-rtth 
of the attraction of the whole earth, and the correction for the elevation of 
the station, which would be if the attraction varied merely according 

to the inverse square of the distance, would be thereby reduced to or 

only about three-fourths of the usual correction. Dr. Young’s rosoarclies 
induced him to conclude, that if the mean density of the earth be assumed 
equal to 5.5, and that of an elevated tract of table land to be 2.5, tlic true 
correction will be less than that hitherto employed in the x* ** atio of 6t) to 
100. The necessity for a change in the usual correction, on the grounds 
assigned hy the philosopher just cited, cannot admit of any doubt: but the 
true^ correction, which it will be necessary to apjxly in each case, will always 
bo liable to great uncertainty on account of our ignorance of the density of 
the elevated mass, and the exact conformation of its matei'ials. b’or those 
reasons it, will generally be the safest mode of proceeding to perform all ex¬ 
periments of this kind at inconsiderable altitudes above the level of the sea. 

In the year 1817, Captain Freycinet, of the French Navy, was sent out 
by Ms government on a voyage round tbe world, one of tbe principal objects 
of which was to swing the pendulum in different latitudes. Experiments 
were made by him at various stations on each side of the equator, and a 
^‘mparison of his results gave the ellipticity of the earth §. 

Ixis countryman. Captain Duperrey, made a number of similar experiments 
ixt bxio co’u.iTso of H,xi 6xpB<iitioix of discowliich lie coiociixiEtxidGdL in tlio 
years 1822—25. The ellipticity assigned by a comparison of his results 
■27rs'*’3TyH' great number of valixable experiments with invariable 
pendulums were made hy Captain Sabine IT in different parts of the world. 
He obtained irrir-^ the ellipticity, as the final result deducible from 
them. Experiments with invariable pendulums have also been made by 
Goldingham^5<=i^, at Madras, and, by his directions, at a small island in the 


* Phil. Trans. 1818. Ibid. 1819. 4: Ibid 1819 

§ This is the value of the ellipticity which Mr. Baily deduced from FrcycineVs obscr- 
v^ions after applying to t^m the true correction for the reduction to a vacuum. See 
'^Paris'^lsS' account of Freycinet’s experiments, see Vo?/age autour 

Baily, For an account of Duperrey’s experiments 
seethe Co-nnaissetnee des for 1830. cxpcrnncnis, 

L,ond<m,^1823.'^^ experiments for the purpose of determining the Figure of the Earth, 

** Phil, Trans. 1822. 
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Indian Oceaxi, almost nndet tlie equator; bj Hall*, at yarions places in the 

Thomas Brisbajief, at New South Wales; by Foster! 
at Fort Bowen, m the North Seas; by Fallows §, at the Cape of Good Hope; 
ana py Beutkef}, an officer in the Russian navy, at several places in both 
ennspheres. In Bessel determined the length of the seconds’ pendu- 

um With great accuracy by a new method. Having fixed two points of sus- 
^ vertical position with respect to each other, he suspended from 
each of them a spherical ball by a fine wire. The distance between the two 
points of suspension was entirely arbitrary. Bessel made it exactly equal to 

AnfioU The two pendulums when in a vertical position were 

equally depressed, and therefore the difference of their lengths was 
measured hy the distance between the points of suspension. The depress 
f j surfaces of the balls to the same level was 

fleeted by means of a delicate apparatus, termed the lever of contact 

knowledge of the lengths of the pendulums, it was 
w i7 correction due in each case to the spherical form of the 

eall. Hence, the difference of the lengths and the difference of the cor- 
lections being given, the difference of the lengths of the simple pendulums 
rresponding to the two points of suspension was readily assignable. 
Again, by counting the number of oscillations performed in a given time 
by each pendulum the ratio of the lengths of the simple pendulums was 
also ascertained. By means of these two data, Bessel was enabled to com- 
pute the absolute length of each of the simple pendulums. This method 
of determining the length of the seconds’pendulum is generally considered 
to be susceptible of greater precision than any other which has been 
devised for the same purpose. 

While Bessel was engaged in the experiments just referred to, he dis¬ 
covered that the usual correction for reducing the oscillations of a pendulum 
to a vacuum were erroneous to a considerable extent. This important fact 
was hrst announced by him in a memoir which appeared in the volume of 
the Berlin Academy of Sciences for 1826. He established its reality 
beyond dispute ; first, by swinging two pendulums in air, one of brass and 
the other ot ivory, and then by swinging the same brass pendulum in air 
and in water. It appeared from both experiments that the retardation of 
a pendulum oscillating in a fluid medium was greater than had been 
hitherto imagined. ^ In the one case he found that the true correction for 
reducing the oscillations to a vacuum exceeded the correction usually em¬ 
ployed m the proportion of 1.956 to 1; and in the other case, in the nro- 
portion of 1.625 to 1. He attempted to account for this increase in the 
amount of retardation by ascribing it to the influence of a coating of air 
whmh, according to him, adheres to the pendulum, and is dragged along 
with It during Its motion. The mass of the pendulum being enlarged by 
this addition, while the moving power remains the same, it is clear that 
the accelerative force of each particle will be less intense than it would be 
in a vacuum, and that a diminution of motion will ensue as a necessarv 
^nsequence. ^ It is singular that, as early as the year 1786, Du Buat a 
French experimentalist, recognised the existence of this retardation, and 
even endeavoured to give an explanation of its physical origin* but it 
appears to have entirely escaped the notice of all philosophers until the 
period of its rediscoveiy by Bessel. 

Phil. Trans. 1823. _ i Ibid. 1823. t Ibid. 1826. S Ibid. 1830 

II Mcni. Ac^d* dcs Scighcgs do St. Petersburg j see ulso Phil, iVttig, 1832^ 
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Tlie researches of the astronomer just mentioned, “being mixed up with 
theoretical "views which were not clearly established, the Board of Longi¬ 
tude of this country resolved to submit the q^uestion to the issue of direct 
experiment, by swinging the same pendulum botli in air and in a vacuum. 
Xhe operations for this purpose were executed with great care by Colonel 
Sabine, at the Royal Observatory of Greenwich, in the year 1828. The 
mean of his results gave 10.36 as the excess of the number oi oscillations 
in a mean solar day, made by a pendulum swinging in vacuo over "the 
corresponding number of oscillations made by tbe same pendulum swinging 
in air. The old correction for the buoyancy of the atmosphere gave only 
6.26 oscillations. It followed then that the coefficient for the reduc¬ 
tion to a vacuum should be increased in the proportion of 1.666 to 1 
Mr. Baily shortly afterwards repeated these experiments with a great 
variety of pendulums and arrived at results of a similar characterf. The 
amount of retardation differed with the pendulum employed in the 
experiment, and was found to depend mainly on its form and extent of 
surface- It appeared also that the air was dragged chiolly by the parts of 
the surface which were perpendicular to the plane of motion, and that only 
a small quantity adhered to the sides. Mr. Baily clearly shewed that the 
"true correction can only be determined with precision by means of dii’ect 
experiments with each particular pendulum h 

The usual correction for reducing the oscillations of a pendulum to a 
vacuum having thus been demonstrated, by evidence of tbe most indis¬ 
putable character, to be too small, it followed that all the results which had 
been derived from experiments hitherto performed wore more or less 
erroneous. When the question relates to the determination of the figure 
of the earth, the error depending on the imperfect reduction is indeed 
small; since in this case the variation of gravity at the surface of the 
terrestrial spheroid, and not its absolute intensity, forms the subject of 
research; but, as in delicate inquiries of this nature the most minute 
circumstance must be tahen into account, the true correction has been 
employed in all subsequent reductions. 

The most extensive series of experiments with the pendulum which 
have been made by any individual are due to the late Captain Foster, who 
commanded a scientific expedition which was sent out to the South Seas 
by the Government of this country in the year 1829. This talented 
officer having unfortunately been drowned a little before the time appointed 
for the return of the expedition, his papers, upon being brought to 
England, were put into the hands of the late Mr. Baily, who drew up a 
detailed account of them, which is contained in the seventh volume of tlio 
Memoirs of the Astronomical Society, The experiments were made at four- 


* Phil. Trans. 1829. Phil. Trans. 1832. 

$ Poisson has adopted a different opinion respecting the physical origin of this 
correction. He considers that the successive impulses of the pendulum wouki give rise 
to alternate contractions and expansions of the surrounding medium, ivhenco the particlc.s 
of the latter, by their reaction, could not fail to produce a sensible effect on the rate of 
oscillation. The correction is thus made to depend on the resistance offered to the pendu¬ 
lum by the aerial medium, the mode of action being considered in its most aLolutc 
character, and independently of any assumed relation between the resistance and the 
vel^ity. Proceeding upon this principle, Poisson has investigated the correction by a 
profound analysis, and arrived at results which, in some instances, are confirmed by 
exj^riment. deVInstiiut, tome xi., or the Connaissance des Temps for 

1834. This view of the mbject has also been adopted by Plana, Sir John Herschel and 
several other emment philosophers* . * 
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teen different stations included between 10®.38^ north latitude and 62'’.66'' 
south latitude. All the details of these experiments appear to have been 
conducted with the most scrupulous regard to accuracy, and the results 
deserve to be classed among the most valuable data we possess for 
determining the ellipticity of the earth by means of the pendulum. Mr, 
Baily obtained for the value of the ellipticity as the hnal result 

deducible from Captain Foster’s experiments. He also arrived at an 
ellipticity equal to by combining together the results of all the 

experiments hitherto made with invariable pendulums. These evaluations 
agree very nearly with each other, and also with that due to Colonel 
Sabine, whose experiments were more extensive than those of any other 
voyager, previous to Captain Foster. 

The experiments with the pendulum generally agree in assigning to the 
earth an ellipticity somewhat greater than that derived from the com¬ 
parison of arcs of the meridian. In the one case the ellipticity may be 
said to he ; in the other case only The perturbations of the 

moon again indicate an ellipticity equal to g-gg. The agreement of the 
second and third of these values is sufficiently satisfactory. It is difficult, 
however, to account for the discordance of the first and second; and also 
for the anomalies which present themselves in some instances when only 
two arcs of the meridian or two experiments with the pendulum form the 
grounds of comparison. The results of recent geodetic operations concur 
in shewing that the meridional anomalies are mainly attributable to the 
effects of local disturbance, and that, when the amount of this disturbance 
can be in any case independently ascertained, and then eliminated from 
the measurements, the comparison of the latter may be satisfied by an 
ellipticity a little greater than g *. With reference to the anomalies 
which occur in pendulum experiments, it appears that the results generally 
indicate the intensity of gravity to be greater on islands than on con¬ 
tinents. This is partly explained by the greater density of islands which 
are frequently of volcanic origin; but, on the other band, it is not to be 
denied that the density of the surrounding ocean is considerably less than 
the mean density of the earth, and therefore ought to produce an effect of an 
opposite kind. Much doubtless will depend on the depth of the ocean at 
the place where the experiments are made, and the nature of the stratum 
on which it rests; for it must be borne in mind that, although Clairaut’s 
theorem allows the density of the terrestrial spheroid to vary from one 
stratum to another, according to any law whatever, it supposes the 
density to be uniform throughout each stratum. The influence exercised 
on experiments with the pendulum by the geological character of the 
substratum was first remarked by Colonel Sabine. 

When we consider bow difficult it is to form a just estimate of the 
irregularities of the earth’s surface, and the variations in the density of 
the exterior stratum, we have ample reason to be surprised that the 
anomalies we have been referring to are not greater than they really are. 
“If the form of the earth’s meridian,” says Mr. Airy, “were traced on 
paper, the nicest eye would be unable to distinguish it from a circle. The 

* Some idea of the effect of local disturbance may be formed when we state that, at the 
station of Banog, within fifty miles of the Himalayah Mountains, Colonel Everest found 
the difference between the computed and observed azimuths to amount to as much as 
20'M56. It is true that the measurement of azimuth angles is the most delicate part of 
geodetic operations ; but, in the present instance, the discrepancy manifestly exceeds 
the probable error of observation. 
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elHpticity is so small that the closest inspection -without measure could not 
^dge which was intended for the greater and which for the smaller axis 
AUe whole quantity in dispute is less than one-sixteenth of this ellipticitv 
instead of being surprised that such a difference exists, we may well be 
astonished at the accuracy of modern measures of all kinds, which make 
so small a quantity a subject of contro-versy-’’^*' 

As soon as astronomers were persuaded that the principle of gravitation 
extended to the constituent parts of the celestial bodies, it became an 
interesting question to ascertain whether the attraction of.niasses at the 
earth s surface exerted any appreciable influence. The first attempt to 
establish this fact was made by Bouguer and his associates, -while 
engaged m measuring an arc of the meridian in South America. Astro¬ 
nomical ol^ervations having been made in the neigliboiirbood of the loftv 
mountain Chimborazo, it was found that the attraction of the latter caused 
the plumb line to deviate towards it to the extent of 'J’his result 

ir i^!i ^‘^‘^^firmatory of the Newtonian theory ; but it was ' genera I v 
moH? tbl } r had not been made with sulUcicnt care to 

exnerimln-t suggested tlio repetition of t,hc 

experiment to the Royal Societj, it was resolved by that bodv ihnf 

sSh^htllien‘In® 'Thu mouukin of 

Ir Cooso as offering peculiar advantages 

^ proceeding employed in tho oxiierimotU was 
selected, one on the north side and the otlun on 
^ nxountain ; and the difference of their latit.udes was 

means of astronomical observations at each station 
^en by means Of the meridional distance ltetw,en tlxo rivo station”’ 
and certain assumed elements of the earth’s figure. Now it is that 

would coxnpel “tho rlonxiriil^m'^^xxSo 

thT^zeSitrthereby occasion a disphuunuont of 
me zenith point opposite in direction at each station llcnoo flw* 

elSld“the°lifferenerrSnff‘®‘T^ astronomical obscrvntimt ougl.t to 

mo^r’af dm’ iTons”’ 

of which they are composed. *5®twccn the smaller masses of matter 

tha^”i£™“lxrroi^Yenfft;1n^^^^ experiment just alluded to in 
the qumtity of matS?“ nruTd°n*th/“‘‘^uti^^^^ if wo Icnow 

wxth the ratio of tho attraction of the mounteln to lhat of So 

* Encycl. Metrop., Art. Figure of the Earth. 



HlSa?OBr GW BHTSIOAB ASTBONOMY. 


159 


assigned by tbe preceding experiment, would -enable us to ascertain the 
absolute mass of the earth; and, the volume of the latter being already 
•Imown, we might hence determine its mean density. ^ The mass of 
Schehallien was determined by computing its volume trigonometrically, 
and assuming its mean density to be two and a half times the density of 
pure water. The final result was that the mean density of the earth 
might be considered equal to four and a half times the density of pure 
water*. The astronomical observations connected with this famous 
experiment were made by Dr. Maskelyiie, and the laborious calculations 
to which it gave rise were executed by Dr. Idutton. Playfair, having 
subsequently ascertained by. experiment the densities of the different 
materials composing the mountain, and also their positions relative to the 
two places of observation, arrived at the conclusion that the mean density 
of the earth is contained between 4.867 and 4.659, the mean denBity of 
pure water being supposed equal to unity. This gave 4.713 for the mean 
result f. 

Soon afterwards an attempt was made upon a much smaller scale to 
accomplish the object sought for in the Schehallien experiment, by means 
of an apparatus termed the torsion balance. It consisted essentMly of a 
deal rod suspended by a fine wire and having two leaden balls about t^wo 
inches in diameter attached to its extremities.' Two leaden spheres 
about eight inches in diameter were then brought near the smaller ones on 
opposite sides of the rod, and their attraction, combined with the torsion of 
the wire, produced an oscillatory horizontal motion of the rod on each side of 
a position of equilibrium. Now the extent and the time of oscillation 
depend, cmteris ^aribusy on the relative intensities of the acting forces, or, 
in other words, on the torsion of the wire and the attraction of the spheres. 
Hence, if tliese two elements be determined by observation, we shall be 
enabled to ascei'tain the intensities of the two forces, and to compare the 
attraction of the spheres with the earth’s attraction, as indicated by the oscil¬ 
lations of a vertical pendulum- Pinally, since we know the quantity of 
matter contained in the spheres, we can arrive at the quantity of matter 
contained in the earth; and, knowing its volume, we may hence derive its 
mean density. This delicate apparatus was originally devised by Michell, 
but w'e ewe to Cavendish the first application of it to the determination 
of the mean density of the earth. From seventeen experiments made 
with it, that philosopher concluded that the mean density of the earth is 
5.48, that of water being unity 1. 

In 1836, M. Deich, of Freiburg, repeated Cavendish’s experiments; 
the only difference being that he used one ball instead of two. The 
average of all his results gave him 5.438 for the mean density of the 
earth. By far the most valuable experiments that have been made with 
the torsion balance are duo to the late Mr. Baily§. They were conducted 
at the public expense upon a recommendation to that effect having been 
made to the Government by the Astronomical Society; and they extended 
over the whole period coinprised between October, 1838, and May, 1842. 
The final result deduced by Mr. Daily was that the mean density of the 
earth is equal to 5.660 jj. This may be considered as the nearest 

. *■ Phil. Trans., 1776. f Phil. Trans. 1811. 

^ Phil. Trans. 1798. ^ Born at Newbury, 1774; died in London, 1844, 

II Mem. Ast. Soc., vol. xiv. 
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approximation to the truth which has jet been arrived at by philosophers * 1 *. 
It is remarkable that Newton conjectured that the mean, density of the 
earth is about five or six times the density of waterf. 

The Schehallien experiment for determining the mean density of the 
earth is purely staticalon the other hand, the experiment with tlie 
torsion balance is founded on dynamical principles, being in fact a case of 
the horizonteil pendulum. The vertical pendulum has also boon <un» 
ployed for a similar purpose. The attraction on the top of a hiffli 
mountain may be decomposed into two parts; one of which is tho 
attraction at the level of the sea dijtniuislied in tlie invorHO ratio Cif the 
square of the distance, and the other is the attraction of tlio moniitain 
itself. Hence, if the intensities of gravity on tho mountain and at the level 
of the sea be determined by observation, the difference of the two forees 
will indicate the attrition dae to the mountaiti, aud, l.j a ,>roco«N Hi,„il«r 
to that employed in the Scheliallieu experimoiit, wo shall I„i on,d,led to 
ascertam the mean density of the earth. E.tporimon(s for (l.i.s pimiOHn 
were made Oarhni at the hospice of Mount Conw, which ho? 
elev^on of 6875 feet above the level of the aoa; mid the conclusion at 

w^°r llrnTT^y™' “ 

We have mentioned already that D’AJembert siicccclcd in u,.com,i!„„ 
completely for the motion of the earthls ajds iu space. nrisi.iK f.llVe a • ..f 
M the simand moon tmon the redandant matter acoumulidcih-ouiid t bo «iiiii. 
toi._ It still reigned, however, for geometers to ascerlJiiu wliftlicr tb.i 
turhingforces affected the position of tho axis rohitivo in tin* Kin*r 
terrestnaJ spheroid, or whether thev to tin. hui face <d tho 

of rotation. Observation, indeed, gave a nogaLoTinlwf t</h 

questions; for neither the latitudfs of plXf Im tinwl, i-i ‘ r* 
the lensrtli of the dav i on uio narth h Kurlaci* nor 

earliest period of history. It was SrabhS^^b’*^^' from fho 

^ts_ by demonstrative reasoning found^l^ on thc^iho .‘I <‘^hthhK{i thcf.,. 
or, in the absence of such conclusive evidence tkoi k ; 

for supposing that the position of the Lxirnn grimiuin 

^ght not he affected by secular ineaualbrVc! ‘ff r4itution 

developement, would in the lapse o/atot kI in tlndr 

accumulation If the art TperieuS 

positioa of the equator would be ootstmitlv Jl ‘ ‘1‘" 

sloTOess, and the sea, by always flowinir tl with iiiciinfcivablii 

r^tore tte equiUbrium of the Stider V^i <>. 

change m the relation of land^S woLT '«<'aHiim a h.l.d 

^ear also that the latitudes of places would oarth’n Hurfacc, H is 

isplacement, aud hence woull ensue n ultimately iiil'cctcd l.v (lie 

^iued S noinfthr'',?"A« "'f <I«. 

. ^ '™« publiKhod in Iho 

for these au”on2l!efS-LX‘SST 

+ V^^injileestquodcaiDiarnat . . tlm luul 

~ . .i .iC.rK-»iw 
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Memoirs of the Academy of Sciences for 1824, ho has shewn that the 
disturbing forces of the sun and moon cannot produce, in the variables 
which determine the relative position of the earth’s axis, any secular 
ineq[ualities which might ultimately become sensible. He also found that 
the velocity of rotation could not be sensibly affected by the same cause ; 
whence it followed that the length of the sidereal day is not subject to 
any variation depending on the action of the sun or moon. 

The conclusion at which Poisson arrived is fully borne out by an examina¬ 
tion of ancient eclipses. It is clear that, if the diurnal motion of the earth 
be variable, the period comprised between two successive returns of a star to 
the same position relative to the horizon cannot constitute a fixed standard 
of time; and consequently the interval between the present time and any 
remote epoch, when expressed in terms of the sidereal day as determined 
by modern observation, will not correspond to the number of revolutions 
which the earth has actually accomplished, as indicated by historical 
records. It will follow also that if the diurnal motion constantly vary in 
the same direction, the difference between the computed and the historic 
epochs will increase with the lapse of time. W^e may therefore conclude 
that the places of the planets, when computed for any remote epoch by 
means of the modern value of the sidereal day, will differ from their actual 
places as assigned by the recorded observations of astronomers ; and this 
difference will be more considerable for the moon than for any other body, 
on account of her rapid motion. Now, if the rotation of the earth is 
really invariable, the longitudes of the sun and moon, when computed for 
any ancient lunar eclipse, ought not to differ from 180° by a quantity 
greater than the sum of their semi-diameters, and the difference may 
naturally be expected to be in many cases much less. In the Oon~ 
naissance des Temps for 1800, there is a paper by Laplace, containing 
calculations of this nature for 27 eclipses recorded by the Chaldeans, 
Greeks, and Arabians, and the results in all instances go to prove the 
invariability of the sidereal day. The greatest quantity by which the 
distance between the centres of the sun and moon differs from 180°, 
amounts to 27'" 41^', and relates to an eclipse which happened in the year 
382 A.o. Even this difference, however, falls short of the sum of the solar 
and lunar semi-diameters, and, therefore, does not preclude the possibility 
of an eclipse having taken place. It is clear, then, that the length of the 
sidereal day is not subject to any sensible inequalities, since the conclusions 
deducible from the supposition of its being constant accord so well with 
observation. In order to illustrate this interesting fact more fully, Poisson 
assumed that the length of the day had diminished by a ten-millionth part 
since the most ancient of the Chaldean eclipses, which happened in the year 
720 A.C.; and then, calculating the longitudes of the sun and moon for that 
epoch, he found them to differ from 180'> by 34'. This quantity being 
greater than the sum of the semi-diameters of the two bodies, is incom¬ 
patible with the occurrence of an eclipse, whence it follows that, during 
the lapse of 2600 years, the length of the sidereal day has not altered by 
so much as the ten-millionth part. 

An interesting question which Laplace first considered in connexion 
with the length of the sidereal day, is that relating to the mean temperature 
of the earth. Various facts concur to strengthen the opinion that the 
earth was originally a fluid mass, which subsequently became solid by a pro¬ 
cess of cooling, which is even still going on. This gradual diminution of 
temperature being necessarily accompanied by a corresponding diminution 
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of the earth's mass, the particles composing the latter will all j'Citl- 
seqaence approach, nearer to the axis. Now, it lollowa mini 

a well-known principle in Mechanical Science, that when a 
with a rotatorj motion, and is not exposed to the action <.*£* iniy oxt mnmmn 
forces, the principal moment of inertia, or, in other words, the? sum of f lui 
products formed bj multiplying each particle into its angular Mdewity 
the square of its distance from the axis of rotation, is a coiiHUnit ijuiiiiliiy* 
The number of particles then remaining the same, if tlujir iliHliUire’?# 
the axis he diminished, their angular velocities must ho atitl 

vice versa. Hence, if the dimensions of the earth bo in a stale *»f etui- 
tractionfrom cooling, the velocity or rotation must bo iiuinnwing. and tli# 
length of the sidereal day must be diminishing. It is not tlilln’idl, lu»w» 
ever, to show that if the earth is really becoming cooler, the 
of temperature must be proceeding at a very slow rate. Wn luu e nmm 
that, doling a period of 2500 years, the sidereal <hiy has not hcuii Kli*#rU?««*4 
by so much as the ten-millionth part. Now, the priuciphKrt nf IVh‘riiitt«ir4 
t^ch us that this result would ensue if the earth’s radhiH twpiirirnrrfl a 
diminution of only one twenty-millionth part of its length. It 
then, that during the period which has elapsed since the oarlicMt t’liiihimn 
ojiservations, the mean temperature of the earth has not variod Ut ftti 

extent as to cause the terrestrial radius to contract by one t\vc»«ty*»iillkirii|i 
part of its length. 

The important question of the Tides has recently attnif:! mi I'uiisiiler- 
able attention in this country. The EJncifclopasdiit MrtrtfptilitaHn 
tos a valuable essay on the mathematical part of tlie snhjt'rl, hv Mr. 
Aigr, founded on the theory of undulations. Sir John huhhoi-k nu4 IH, 
vvtewell have been engaged during many years in dcturminiiig flu- law# 
ot the tides by observation, and in tracing their conno.Kion with tlu^ pl.wji 
ot the sm and moon. The results to which they have boon rtanlurtrd 
researches are contained in a series of admirnldo ptinnr,H. wbi.di 
SSSr to time, in the vobnu(>s%.f tbo ||riv«l 

^the\hT^Y^ uow inulouvoitriug to'da 

wifi L in a branch of Physical AHiroiioiay 

reward him with a rich harvest o/msufts!^^^^^^^ geomuba\ ni»d to 

siou oscillations in^t^^ waSrs^of^^*^ *'^*^^^* 

similar movement in the atmosubprin t^ey ought to produoi; m 

theory of this subjeorupon a i..vcst iK„.,..l < 1 ». 

undertook an extensive series of rvhQo IhnivjirtI 

meter, with the view"f dlScaeS ^erlT*?"® -u 

placesof the disturbing bodies The effeo*^ “sotHations doi«inuliii(j i.ii t)m 
asm be almost entirely masked bvirr.™w.■ '*® • ™ ''‘’O' 

“4,™ conclusion oouU b?Suoe1 froT^f '’”5" 

The oscillations of the atmospheric tid«^^-ii *■? “'“crvalimis. 

or the equator, and the most favourable stnC ho (;^r«^ tl■Nl 

lavourable station for detootiug them w.nld 


nmx 


Mec^ C41* liv» iv* chap, iv Hv vJ?? i. 
assuaed to be uuiformFanH'krbfi'.Vr^^^'^P- 


uniform, ;nd the of the atinewptw.w 

I point proportional to the cowprmmm^ 
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be some small island in the middle of the ocean, hcoauso the huroiuetcr 
would in that case be least liable to bo affected by the fhictuatimi.H arming 
from the irregularities of the earth’s surface. With tins view of throwing 
some light on this delicate subject Captain Xiofroy, of the Ihiynl Artilh^ry, 
undertook a series of barometrical observations at tlia ishiiid of Ht. liolcita.. 
These observations were conducted solely with rdforonca to tin* of 

the moon, as the effect of the sun’s influence was naturally <*x]t)cc.tod to be 
insensible. They extended from August, 1840, to December, ISII, font 
therefore comprised a period of seventeen months. The mean tif 

these observations clearly indicated the existeneo of a lunar atmc)HpIn*rie 
tide. It gave 28.3714 inches for the height of the haromeder wh<fni the 
moon was on the meridian, and 28.2675 when she was 03i the horizon, 'riic 
ditference was therefore .0039 inches >1^. The observations wero submi- 
quently resumed by Captain Smythe in October, 1842, and wm'o cmitifiuoil 
till Septembel*, 1843. The average of all the resulte obtained during ihis 
period gave .00255 inches for the excess of the altitude of the harorrictcr, 
when the moon w’as on the meridian, over tho altitiido when she w'an six 
hours distant from it. The observations for the following two ycar.s W'cro 
compared together by Lieutenant ColoTiel Bahinn at Woolwich, and llm 
results he^ derived from them presented a sati.sfmdnry accordance with 
those previously obtained by Lefroy and Smythe, ’rjio' av<!ragc <‘xc:c«s <if 
barometrical pressure during this period amounted to .00365 inclreH, or in 
round numbers to .004 inches. ' It is manifest that tho eifact of tlic moon's 
action ought to be greatest when she is in perigee, and least when shii m 
in apogee. This is unequivocally indicated by the observetioiis, as appeal’s 
from the following results of the mean barometrical excess, oldaiinsi by 
a comparison of obseiwations made when tlie moon was on tho metlidinn, 
and when she was six hours distant from it:— 


Mean excess of pressure derived— 

from 13 epochs of perigee, between 1 
Oct. 1843 and Sept. 1844. ) 

from 13 epochs of perigee, hetw'cen ) 
Oct. 1844 and Sept. 1845. f 


from 13 epochs of apogee, lietw’een ) 
Oct. 1843 and Sept. 18vt4, ) 

from 14 epochs of apogee, hetAveen ) 
Oct. 1844 and Sept. 1845. ) 


.(M)3 1 1 


.003 17 


/=><aH-Tnr^f quantities are small, but still tliey arc^ suilieiontly sensildti lt> 

existence of oscillations in tbe atmemphem, 
^ which affect tho waters of the ocean. I’liis is not. tlm 

in? i the many fects in physical seience wbich would have 

the l,y 


* Phil. Trans., 18*37. 
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CHAPTER Xir. 


Introductory Remarks.—Ancient Observations of Uranus. — Calculation of Tables of the 
Planet by Delambre.-^Tables of Bouvard.—Irregularities of the Planet.—SpecuIation.s 
respecting their Origin.—Errors of Radius Vector.—Researches of Geometers.—Bessel. 
—Adams.—Inverse Problem of Perturbation.—Account of Adams’ Researches relative 
to the e;xistence of a Planet exterior to Uranus.—Results obtained by him.—Researches 
of the French Astronomers on the Theory of Uranus. — Eugene Bouvard.—Le Verrier. 
—Account of his Researches.—Near agreement of his Results with these of Adams.—■ 
Steps taken by Airy and Challis for the purpose of discovering the Planet.—New 
Results obtained by Adams.—Explanation of errors of Radius Vector.—Account of 
the second part of Le Verrier’s Researches on the Trans-Uraniau Planet.—Address of 
Sir John Herschel at Southampton.—The Planet discovered at Berlin by Galle.— 

Admiration excited by the Discovery_Account of Challis’ Labours.—Public An- 

nouncementof Adams’ Researches.—Impression produced by it.—Historical Statement 
of the Astronomer Royal.—Publication of the Reseai'ches of Le Verrier and Adams.— 
Remarks suggested by the Discovery of the Planet. 

The Tlieoiy of Gravitation is not more remarlcable for tlie sublimity of its 
results than for its varied and effective character, when considered as an 
instrument applicable to the discovery of truth. By unfolding its prin¬ 
ciples, the astronomer, without leaving Ms observatory, has been enabled 
to determine the distances of the sun and moon from the earth, to weigh 
the planets as in a balance, and to educe order and stability from the 
countless irregularities of their motions. It has conducted him to a lmo\v> 
ledge of the figure of the earth by merely watchiog the motion of the moon 
or the swinging of a pendulum, and it supplies the means of ascertaining 
the figures of the celestial orbs without measuring their apparent dimen¬ 
sions. The eccentric aherrations of comets, the ebbing and flowing 
of the tides, and the oscillations of the atniosp)here, all equally attest the 
value of its guidance in exploring the hidden operations of nature. But a . 
still more striking triumph of this magnificent theory was reserved for our 
ovvn day, when the mathematician, hy meditating in liis cliamber upon its 
principles, has succeeded iii revealing the existence of a new planetary 
world, vastly exceeding the earth in magnitude, which had hitherto escaped 
the scrutinies of astronomers, aided hy all the powerful appliances of optical 
science. 

Soon after the discovery of Uranus hy Sir William Herschel in 1781, it 
vvas ascertained that astronomers had observed it on many previous occa¬ 
sions without recognising it to he a planet. Even as early as 1600, Flam- 
stead had designated it as a star of the sixth magnitude; and from that year, 
down to 1781, astronomers had determined its position no fewer than 
nineteen different times, under an erroneous impression of its real nature =!', 

* Bode first discovered two ancient observations of Uranus; one in the Uistoria Celesiis 
of Flamstead (the observation of 1690), and the other in one of Maver’s Catalogues. Soon 
^terwards Lenaotinier detected three positions of the planet among his own observations. 
Bessel^ while engag'ed in reducing Bradlej*s observations, found that the position of Uranus 
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These observations have proved eminently serviceable in conducting astro¬ 
nomers to the true theory of the planet’s motion; for, as it takes eighty-four 
years to effect a complete revolution round the sun, it is manifestly impos¬ 
sible to arrive at definite ideas respecting the irregularities of its motion 
except by means of observations which are considerably distant from each 
other. In 1790, the observations of the planet had become sufficiently 
numerous to induce the Academy of Sciences of Paris to propose the theory 
of its motion as the subject of a prize. Delambre was on this occasion the 
successful competitor. The elliptic elements were determined by a skilful 
combination of the observations subsequent to the discovery of the planet, 
and the perturbations occasioned by Jupiter and Saturn were computed by 
means of the formulae of the Mecanique Celeste. The theory of the planet 
established upon these principles was found to agree very well with three 
ancient positions which had been already detected among the observations 
of Flamstead, Lemonnier, and Mayer. Delambre employed it in cal¬ 
culating tables of the planet, which continued for a few years to represent 
the actual motion with tolerable accuracy. As time, however, wore on, 
the discordance between theory and observation constantly increased, and 
a growing desire was felt b}'- astronomers that the theory should be revised 
and employed in the calculation of new tables. This task was undertaken 
by Bouvard, whose tables of the planet appeared in 1821. While engaged 
in correcting the elements for this purpose, he experienced a singular 
cause of perplexity. He found that tlie earlier observations of Flamstead, 
Mayer, Lemonnier, and Bradley, might all he satisfied by an ellipse of a 
determinate form and position; but he attempted in vain to include in the 
same orbit the observations of the planet made subsequently to its discovery, 
although these, on the other hand, might also be satisfied by an ellipse, the 
elements of which were different from those of the other. “The construc¬ 
tion of the tables, then,” says Bouvard, “involves this alternative:—if 
we combine the ancient observations with the modern, the former will 
he sufficiently well rejiresented, but tlie latter will not be so, w'ith all the 
precision wdiich their superior accuracy demands; on the other hand, if 
we reject the ancient observations altogether, and retain only the modern, 
the resulting tables wall faithfully conform to the modern observations, but 
wall very inadequately represent the move ancient. As it was necessary 
to decide between these two courses, I have adopted the latter, on the 
ground that it unites the greatest number of probabilities in favour of 
truth, and I leave to the future tlie task of discovering whether the 
difficulty of reconciling the two systems is connected with the ancient 
observations, or whether it depends on some foreign and unperceived cause 
which may have been acting upon the planet.” 

Bouvard accordingly rejected the ancient observations, and constructed 
his tables exclusively on the basis of those comprehended between the dis- 


hacl been on one occasion determined W that astronomer. Burchardt, having made new 
researches into Flamstead’s Uistoria (Jelestis, discovered four additional observations of 
the planet, one on the 2nd April, 3712, and the other three on the 4th, 5th, and 10th of 
March, 1715. Bouvard having carefully inspected all Lemonnier’s observations found 
ten more positions of the planet- It is remarkable, that of six observations by that 
astronomer, two were made by him on two consecutive day.s, and the otlier four on four 
consecutive days. If it had only occurred to him to compare together his oh-servations 
on either of these occasions, he could not fiiil to have anticipated Herschcl in the discovery 
of the planet. Le Verrier, in his investigation of the theory of Uranus, rejects Flam- 
stead’s observation of the 5th March, 1712, and adopts another by the same a-stronomer 
dated the 29th April, 1712, without, however, mentioning the person wlio first detected it. 
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covery of tlie planet in 1781 and the year 1890. These tables, like 
Delambre’s, presented at fu*st a very satisfactory accordance with obser¬ 
vation, bat after only a few years had elapsed they began to be sensibly 
erroneous, and they continued henceforward to deviate more and more 
from observation. The difficulty connected witli the theory of the planet 
now assumed a more definite character, for it clearly did not depend on the 
ancient observations, since those of a more recent date were becoming 
equally irreconcileable with the tables. 

Hou-vard was in all probability the first person who was led to ascribe 
the irregularities of Uranus to the perturbations produced by an unknown 
planet. The passage from his tables already cited contams an obscure 
allusion to this hypothesis; but we should not be warranted on such 
groiinds in awarding to him the merit of its original conception, if we did 
not possess abundant evidence from other sources that he had a strong 
persuasion of its truth. In fact, the venerable astronomer appears to have 
clung with tenacity to this explanation of the anomalies of the planet, 
down^to the latest years of his life. Nor, indeed, was the idea of a planet 
exterior to the acknowledged boundaries of the solar system altogetlior 
new. Even as early as the year 1759, we find Clairaut speculating upon 
the probability of Halley’s comet being exposed to the disturbing action of 
a planet too remote to be visible'-. 

Hr. Hussey was unquestionably one of the first astronomers who had 
the sagacity to divine the true cause of the irregularities in the motion of 
Uranus. 'Writing to Mr. Airy, in 1834, he mentioned, that having care¬ 
fully determined the position of Uranus on several occasions during tho 
preceding year, he was led to examine closely Bouvai'd's tables of the 
planet, and he remarked that the strange inconsistency of the ancient and 
modern^ observations had suggested to him the possible existence of some 
distrmbing body beyond Uranusf- He intimated, also, a design of swoep- 
ing for the planet with hh large reflector, provided one or more positions 
of xt were determined empirically. He added, in tho same letter, that he 
Jmd some conversation on the subject with Bouvard, who, in repdy, asserted 
that lie entertained, a similar opinion with respect to tho cause of the 
plants irregularities, aud had been corresponding with Hanson respecting 
replied, that one exterior planet would not account for tho 
eilois of the tables, and that two planets were necessai’y for this purpose. 

As the epors of the tables continued to increase, the conviction of 
heir real constantly gaming ground among astronomers. M. 

Valx, of Marseilles, writing to _M. Arago in 1835, on the subject of 
ilailey s comet, made the following interesting remarks relative to tho 
probable existence of a Txans-Uranian planet. “I would rather have 
recourse to an invisible planet situated beyond Uranus. Its period, 
accorffing to the order of the distances, would be at least triple that of the 
come j so that the perturbations of the latter ivould nearly recur at the 
c ose o riiree revolutions, and the calculations made for four or five 

well-estabhshed cycles would enable us to trace them. Would it not bo 


’* See page 104 of this worlc- 

hhtoricalhj connected with the Discover;/ of the 
1 ?* -Astronomer Do/jaL This important 

was read hefor** A theoretical discovery of the planet Ncptuac 

hahed bothfrtL Novem4r, 1846%nd was pub- 

Societr The letter of Pr wid also in vol, xvi. of the j^emoirs of the same 
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admirable to arrive thus at a knowledge of the existence of a body which 
cannot be perceived.”* 

Guided by the same sagacious and philosophical views, but reasoning upon 
more legitimate grounds, Mrs. Somerville alludes in the following terms to 
the probable existence of an unknown planet in the third edition of her 
interesting little work on ‘ * The Connexion of the Physical Sciences. “The 
tables of Jupiter agree almost perfectly with modern observations; those 
of Uranus, however, are already defective, probably because the discovery 
of the planet in 1781 is too recent to admit of much precision in the 
determination of its motions, or that possibly it may be subject to disturb¬ 
ances from some unseen planet revolving about the sun beyond the present 
boundaries of our system. If, after the lapse of years, the tables formed 
from a combination of numerous observations should still be inadequate to 
represent the motions of Uranus, the discrepancies may reveal the exist¬ 
ence, nay, even the mass and orbit of a body placed for ever beyond the 
sphere of vision.” One more of such extracts will shew how strong the 
persuasion now was respecting the existence of a Trans-Uranian planet. 
Professor Mildler, in his “ Treatise on Popular Astronomy," after remarking 
that Uranns might have been discovered by means of the perturbations it 
produces in the motion of Saturn, alludes in the following prophetic terms 
to the probability of discovering a planet exterior to Uranus:—“ Applying 
this conclusion to a body beyond Uranus, we approach a planet acting 
upon and disturbing it. We may, indeed, express the hope that analysis 
will one day or other solemnize this, her highest triumph, making dis- 
covei'ies with the mind’s eye in regipns where, in our actual state, we are 
unable to penetrate.” 

The steadiness with which the errors of the tables continued to increase 
rendered the necessity of their explanation more and more indispensable. 
In 1835, the computed geocentric longitudes of the planet exhibited a 
discordance with observation amounting to 30''; in 1888 the discordance 
amounted to 50", and in 1841 to 70". Nor were these errors simply the 
effects of errors in the heliocentric longitude of the planet. On the con¬ 
trary, Mr. Airy clearly shewed, by means of his observations of the planet 
made at Cambridge in the years 1833-34-35, and at Greenwich in 1836, 
that the radius vector of the tables was also considerably in error. 

The time had now arrived for the geometer to apply the powers of 
analysis to the investigation of these anomalies. The illustrious Bessel 
appears to have entertained the idea of attacking this important problem. 
On the occasion of his visit to England in 1842, he expressed to Sir John 
Herschel his conviction that the irregularities in the motion of Uranus 
were occasioned by the action of some nnknown planet, and he added, that 
as soon as he should obtain leisure from other researches in which h© was 
engaged he would undertake the determination of its actual position^. It 
appears that, as a preliminary step to the inquiry, he had instructed M. 
Flemming, a young German astronomer, to reduce with great care all the 
observations of the planet. Flemming executed the task assigned to him ; 
but, unfortunately, soon afterwards, Bessel was seized with the illness 
which proved fatal to him, and the inquiry was not prosecuted further §. 

* See the Comptes Rmdm, tome xxiv. p. 35. 

+ Published in 1836. ^ Athenaum, October 3rd, 1846. 

§ M. Flemming died soon after he completed the calculations. The reduced observa¬ 
tions are now in the possession of M. Schumacher of Altona. See Sir John Herschel’a 
Notice of the life of Bessel, in the sixteenth volume of the Memoirs of the Astronomical 
Society. 
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The theory of Uranus "was now about to be submitted to a severe 
examination by a young mathematician of England. Mr. J, C. Adams, 
while still pursuing his studies at St. John’s College, Canabridge, had pur¬ 
posed investigating the cause of the strange irregularities in the motion of 
the planet. His attention was first drawn to the subject by Mr. Airy’s 
allusion to those anomalies in his valuable account of the progress of 
astronomy in the nineteenth century, contained in the Report of the 
British Association for 1832. Mr. Adams, on referring to his note-book 
at a subsequent period, found the following memorandum inserted in it 
under the date of the 3rd July, 1841 :—“ Formed a design, in the begin¬ 
ning of this week, of investigating, as soon as possible after taking my 
degree, the irregularities in. the motion of Uranus which are yet unac¬ 
counted for; in order to find whether they may be attributed to the action 
of an undiscovered planet beyond it, and if possible, thence to determine 
approximately the elements of its orbit, &c., which would probably lead 
to its discovery.”* 

Mr. Adams having taken his degree in January, 1843, proceeded to 
consider the subject of his future researches. The problem which offered 
itself to him for solution maybe stated in the following terms :—Assuming 
that Uranus was disturbed by some unknown body, to determine the posi¬ 
tion of the latter, its mass, and the elements of its orbit, by means of the 
irregularities it produces in the motion of the disturbed planet. This 
problem being the inverse case of the ordinary problem of planetary per¬ 
turbation, is manifestly of a very intricate chai'acter, and demands the 
resources of a very refined analysis for its successful treatment. FTay, it is 
even more complicated than at first it appears to be, for the elements of 
Uranus, which form the basis of the geometer’s researches, are vitiated 
by the action of the unknown planet, and their rectification, however 
desirable, can only he effected by the actual solution of the problem. In 
order to acquire clear ideas upon this point, the reader must bear in mind 
that the fundamental or mean orbit of Uranus is an ellipse, in which it 
would constantly revolve if it was exposed solely to the attractive influence 
of the snn^ and that the action of the other bodies of the system tends 
merely to occasion minute excursions of the planet now on one side and 
now on the other^ side of this orbit. It is manifest, then, that in deter¬ 
mining the elliptic elements of a planet’s motion by means of its positions 
as assigned by observation, the effects of perturbation must be subducted 
fromthe co-ordinates of each position, in order that the planet maybe reduced 
to the place which it would occupy in the mean elliptic orbit. Now when 
Uelambre and Bouvard were severally engaged in determining the elements 
of Uranus, they applied the perturbations due to Jupiter and Saturn as cor¬ 
rections to the positious derived from observation; but, as they did not take 
into account the action of the unknown planet, it is manifest that, if the 
latter really existed, the final values of the heliocentric co-ordinates, as de¬ 
termined by each of these astronomers, must have failed to represent the 
elliptic positions- of the planet. Bence, the elements deduced from these 
erroneous data were necessarily inaccurate, and it is manifest that this 
circumstance alone wonld_ have the effect of distorting the orbit of the 
planet, and thereby occasioning discordances between the observed and 
computed values of the longitude, latitude, and radius vector. The errors 
of fhe tebles of Uranus were, therefore, attributable to two distinct causes, 
being due partly to the errors in the eletbents of the planet’s own orbit, 

Metu. Ast. Soc., vol. xvi-; see also the Nautical Almanac for 1851 (^A.ppendix'}. 
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and partly to tfae disturbing action of tbe unknown planet. These 
two causes of error, altliough. totally opposite in their natures, had both a 
common origin, and their effects on this account were so thoroughly en¬ 
tangled in each other, that it was impossible to investigate either inde¬ 
pendently. This circumstance, as may well be supposed, vastly increased 
the difficulty of the problem. If it had been possible to ascertain what 
portion of the irregularities of the planet was in each case due to the 
errors of the elements, the values of these errors might have been deter¬ 
mined by the ordinary methods of astronomy ; and when once the elements 
were thus corrected, it would have been undoubtedly a less arduous task to 
ascend from them to the elements of the unknown planet. But it clearly 
follows, from the remarks we have already made, that the elements of TJrauus 
cannot he determined without taking into account the whole effects of plane- 
tary perturbation, and this again implies a knowledge of what is the very 
object of inquiry, namely, the elements and mass of the unknown planet. 
The problem, then, admits of being completely treated only by a method 
which shall embrace in one simultaneous investigation the corrections to the 
elements of Uranus and the elements and mass of the unknown planet. Now, 
the elements of a planet are six in number. The problem, when considered 
in all its generality, will therefore involve thirteen unknown quantities. 
As, however, it appeared from observation that the perturbations of Uranus 
in latitude were very small, the two planets might be supposed, for all the 
purposes of a first approximation, to revolve in the same plane, and by this 
simplification the number of unknown quantities was reduced to nine. 
These were:—the corrections to the mean distance, the eccentricity, the 
longitude of the perihelion, and the epoch or mean longitude of Uranus; 
and the absolute values of the same elements relative to the unknown 
planet together with its mass. Now, in the case of one planet acting upon 
another and disturbiug its motion, the theory of perturbation enables the 
geometer to express the corrections to the co-ordinates of the disturbed 
planet in terms of these nine unknown quantities; and, if the hypothesis 
of an unknown planet was true in the present case, these corrections ought 
to account for the differences between the observed and computed positions 
of the planet Uranus. Hence, by comparing the analytical formulae for 
the corrections to the co-ordinates of Uranus with the numerical errors 
of the tables, a number of equations of condition are formed, and the 
problem is finally reduced to the elimination of the unknown quantities 
from these equations. It may readily be imagined that this operation is 
attended with difficulties of no ordinary kind. In fact, only a thorough 
acquaintance with the nature of planetary perturbation, and a complete 
command of analysis, combined with consummate skill in its application, 
will suggest to the mathematician such artifices as may lead to the dis- 
engagement of the unknown quantities from the complicated expressions 
in which they are involved. 

Nor does the mere elimination of the unknown quantities constitute the 
only difficulty attending the solution of the problem. Unless the equa¬ 
tions of condition be skilfully combined together, it may happen that the 
values of the unknown quantities, although deduced by a strictly legiti¬ 
mate process of reasoning, will prove totally erroneous when considered 
as physical results. This will he readily understood by the reader when ho 
takes into account the modem which the equations of condition are formed. 
In each case the error of the planet’s place is expressed algebraically iri 
terms df the nine unknown quantities of the problem, and the equation of 
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condition is formed "by putting this expression equal to the actual error as 
determined by a comparison of the observed and computed places of the 
planet. Every tabular error furnishes a corresponding equation, and thus 
the number of equations of condition is limited only by the number of in¬ 
dependent observations. ISTow, if the latter were mathematically accurate, 
the equations of condition would all be consistent with each other, so that 
any nine of them would suffice for the determination of the nine unknown 
quantities of the problem, and the values hence deduced would rigorously 
satisfy all the other equations- But, as all observations are necessarily 
more or less erroneous, the errors resulting from a comparison of the ob¬ 
served and calculated places of the planet will not he wholly dependent 
on the unknown quantities of the problem ; and the equations of condition 
being vitiated in consequence, will prove to a certain extent incom¬ 
patible with each other, so that every nine equations selected for the de¬ 
termination of the unknown quantities will conduct to different results. 
With a view to elude this source of error, the number of equations of 
condition is generally made to exceed in a great degree the number of 
unknown quantities, and the grand object, then, is to combine them to¬ 
gether, so that the errors of observation may destroy each other, and a 
system of equations may finally be arrived at which will assign the true 
values of the unknown quantities. 

^ hfr. Adams first proceeded to examine the perturbations produced 
m the motion of Uranus by the other planets, in order to assure himself 
beyond doubt that the errors of Bouvard’s tables did not proceed from 
an erroneous application, of the existing theory*)*. For this purpose he 
recornputed the principal perturbations due to Jupiter and Saturn, 
and introduced some new inequalities which had been first pointed 
out hy Hansenf. He also took into account the correction to Jupiter’s 
mass, to which recent researches had conducted Astronomers. Hot- 
vnthstanding these improvements, the theory still failed to represent 
■the motion of the planet. Two important advantages were, however, 
gamed by these preliminary labours. In the first place, it was clearly 
established that the cause of the irregularities must h© sought elsewhere 
than in the development of the actual theory. In the second place, the 
application of the improvements had the effect of exhibiting the errors of 
the tables as residu^al facts wholly dependent on some extraneous influence, 
consequently they now assumed a more precise and definite character 
than they had previously done. The first point to be decided in this 
inquiry was, the most suitable mode of exhibiting the irregularities in 
the motion of the planet. We have mentioned already, that both the 
Heliocentric longitude and radius vector had been discovered to be 
sensibly in error. Now it may be remarked, that the problem admits 
employing as the basis of investigation an adequate number 
^ carers of cither of these co-ordinates, independently of those of the 
er. n point of fact, however, the errors of the radius vector were 
too inconsiderable to be employed with safety in such an inquiry, although 

ey img t be subs^uently used witb advantage in verifying i*eBults 
otherwise derived. Mr. Adams, therefore, had recourse to the Wors of 
hehocentnc longitude, which in some instances amounted to S' or 3', and 
extended over a period embracing more than a revolution and a half of 

Z ^OC., vol. xvi.; Naut. Aim., 1851. 
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the planet round the sun. But here a difiicalty occurs, the nature of 
vvliicli it is necessary "briefly to explain. The earth being the place from 
which all observations are made, the position of a planet in tlie gsodiac is 
determined by its geocentric longitude, or its angular distance from the 
vernal equinox relative to the centre of the earth. But, as the sun is the 
natural centre of the planet’s motion, the theory of the latter assigns only 
the heliocentric longitude, or the distance from the vernal equinox relative 
to the centre of the sun. In order, then, to coiiipai’e the ohservations 
of the planet with the results of theory, it is necessary to from the 

geocentric longitude, derived, immediately from observation, to the cor¬ 
responding value of the heliocentric longitude. This object may he ef¬ 
fected by a simple process of trigonometry, if w© know the length of the 
radius vector of the planet, and the position of the earth in her orbit. 
Corresponding to the time of observation. The former of these data may 
be obtained from the tables of the planet, and the latter from the solar 
tables. It is manifest, however, that if the tabular I'-adius vector of the 
planet be erroneous, the computation will be vitiated, and a false value 
will be assigned to the heliocentric longitude. The question then arises, 
how are we to pass from, the geocentric longitude of the planet to tho 
heliocentric longitude without complicating the result with the effect, of 
the eiTor of the radius vector. This object is accomplished jwer se for all 
observations made when the planet is in opposition, for the sun, the earth, 
and the planet being then in the same straight line, the geocentric and 
heliocentric longitudes will necessarily coincide, and they will both retain 
the same common value, whatever be the length of the planet’s radius vector. 
TSven- if the observations should not be made when the planet is actually 
ill opposition, the lieliocontric longitudes may be obtained free from the 
errors of radius vector by skilfully combining together tho observations 
made before and after opposition =**. Mr. Adams in tins manner deduced 
from the observations of Uranus twenty equidistant values of helioeentrio 
longitude, for tho period included between J,780 and 1840. Comparing 
these with the tabular values he obtained a corresponding series of 
ori'ors in heliocentric longitude, wliicb, ■witli tlio.so derived .from tho 
ancient observations of the jdaiiet, formed tlie data of his final investi¬ 
gation of the problem. 

Mr. Adams commenced his researches by supposing the orbit of the 
planet to he circular, and its mean distance from the sun double the mean 
distance of Uranus. It was probable fi’om finalogy that both these sup 

* If we suppose the radius veefor of (he tables to be too small, then, before the earth 
arrives in opposition, the planet will appear behind its comijuted place ; and, on the other 
hand, when the earth has passed opposition, it will appear in advance of its comptited place. 
Heuce it is not difficult to perceive that the.se opposite effects may be destroyed by a. suit¬ 
able combination of observations rhade before and after opposition.' The same remark 
will manifestly apply, if the tabular racliufe vector be too large; (he only difference being, 
that in this case the*planct before opposition will appear in advance of its computed place, 
and after opposition will appear behind it. After Kepler made the memorable discovery 
that the orbit of Mars was not a circle, but retired within that curve towards the mean 
distance, his active imagination soon devised a theoi“y in which the pdanet was supposed 
to move in an oval, the distance of which vaided according to a certain law. This hypo¬ 
thetic orbit was, how'ever, too much compressed in the sides to repn-csent the true ellipxseof 
thepffanot; and, accordingly, Kepler mentions that David Fal)ricius, to whom he coni- 
rnunicafed his theory, remarked to hinn that the observations of the planet before and after 
opposition indicated that the distances of the oval n’ere all too short, “ 8o nearly,'* .says 
he, did that astronomer anticipate me in the discovery of the true orbit of the planet.” 
—De Mbtibus Stellcc Martis, cap. Iv. p. 2GG. 
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positions did not differ widely from tlie trutli'-^^ Without some assumed 
value of the mean distance, the operation of eliminating the unknown 
quantities would have been totally impracticable ; but, •when this object 
was once accomplished, a more accurate value might bo afterwards arrived 
at, either by varying the hypothesis and comj)aring the results "with those 
derived in the hrst instance, or by introducing into the second solution 
a correction to the assumed mean distance in the shape of a new un¬ 
known quantity. The results which Mr. Adams obtained by means of 
his first essay were sufficiently satisfactory to encourage him to pursue 
his researches. The observations wdiich he emjoloyed wore most defective 
throughout the period included between the year's 1818 and 1820, and it 
was precisely in that period also that the errors of his theory were greatest. 
I’his circumstance induced him. to apply to the Astronomer Boyal, through 
his friend Professor Ohallis, for the Greenwich Ohsex'vatioiis of the planet 
then in process of reduction. Professor Challis’ letter to the Astronomer 
Royal on this occasion is dated the 13tli Tebruary, 1844 f. He mentions 
in it that Mr. Adams, a young friend of his, was engaged in researches 
on the theory of Uranus. He then specifies the nature of his request, 
expressing also a desire to know whether, in comparing the obsei'vations of 
the planet with the theory, any alteration had been made in the tables of 
Bouvard, except that depending on the correction to the value of Jupiter’s 
mass. The Astronomer Royal a day or two afterwards returned a suitable 
reply to Professor Ohallis’ letter, and kindly transmitted, for the use of 
Mr. Adams, all the Greenwich Observations of the pJanet from 1760 to 
1830 completely reduced 1. 

Furnished with these valuable data, Mr. Adams w’as now in a con¬ 
dition to pursue his researches with the prospect of ultimate success. 
He accordingly undertook a more comprehensive investigation of the pro¬ 
blem by considering the orbit of the disturbing planet to be elliptic. By 
repeating the approximation several times, introducing on each occasion 
more and more terms of the perturbation, he succeeded in gradually reduc¬ 
ing the errors of Uranus, until its computed places finally exhibited a very 
general and satisfactory accordance with those derived from observation. 
In the autumn of 1846, he considered his researches were so far matured 
as to warrant the presumption that his results might be employed with a 
strong probability of success in searching for the new planet. Accordingly 
in the month of September, before leaving Cambridge, he placed in the 
hands of Professor Challis a paper containing numerical values of the 

^ The following curious law regulating the mean distances of the planets from the sun 
was lir.st announced by Bode, the German astronomer. It is said, however that he was 
indebted for the original notion of it to Titian, a professor of 'Wurtemherg. ’ 

Mercury . . . . . .=4 =“'4 

Venus . . . . . . . = 4 _i_ 3.30 ^ 

The Earth . . . . . . « 4 -j_ 3.31 _ |o 

Mars . . . . . . . = 4 4- 3.2® = 16 

Ceres (as the mean of the smaller planets) = 44 - 3.2i3 r= 28 

Jupiter ..= 4 -1- 3.2* = 52 

Saturn . . . . . . = 4 _j_ 3 . 2 * =100 

Uranus ..= 44 . 3 . 2 " = 196 

If we compare these numbers with the actual distances (supposing the earth’s distance 
to be m both cases represented by 10), we shall find a very remarkable agreement It is 
easy to perceive that as the planets recede from the sun, their successive distances become 
more nearly double each other. 

beyond^ftSuflS^ Statement of circumstances connected with the discovery of the planet 
Airy’s Historical Sfafement, No. 7. 
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mass, the epoch, the eccentricity, and the longitude of the perihelion 
of the disturbing planet, together with its geocentric longitude for the 
30th of September, 1845 JVTr. Adams was also anxious to communicate 
liis results to the Astronomer Hoyal, and for this purpose the land offices of 
Professor Challis were again tendered. The letter of Professor Challis to 
the Astronomer Royal on this occasion is dated the S3nd September, 1845 f. 
He mentions in it that Mr. Adams had completed his investigation re¬ 
lative to the supposed existence of a planet exterior to Uranus; that his 
researches were founded on the observations which Mr. Airy was kind 
enough to send him some time previously, and that he was desirous of 
communicating his results personally to him. He added, also, that from 
Mr. Adams’ character as a mathematician, and his practice in calculation, 
he considered that his conclusions had been accurately deduced from his 
premises. Mr. Airy happened to be from home when Mr. Adams called at 
Greenwich, but a few days afterwards he wrote a letter to Professor Challis 
expressing the strong interest he felt in the subject of Mr. Adams’ re¬ 
searches, and mentioning that he would be happy to hear by letter' from 
him respecting them. 

On one of the last days of October, 1845, Mr. Adams called at the 
Royal Observatory, and left a paper containing the elements of the 
new planet, and the errors resulting from a comparison of the improved 
theory of Uranus with a great number of observations of the planet from 
1690 to. 1840 §. These errors, which, by Bouvard’s tables, amounted fre¬ 
quently to 3"', were now for the most part little more than 1''. The fol¬ 
lowing are the elements of the planet, as given by Mr. Adams in this 
important paper:— 

Mean distance from the sun, the earth’s 


distance being represented by unity . 38.4 

Mean sidereal motion in 3G5.‘45 days . 1° 30'.0 

Mean longitude, 1st October, 1845 . . 3:13“^.3 1' 

Uongitude of perihelion .... 315.55 

Eccentricity . . . . . . .1010 

Mass (that of the sun being unity) . . .000 105 0 


These elements give 7” 39' for the mean unonialy of the }>lanct on tho 1st 
October, 1845, and 3" 3'for the equation of the centre, lienee, by adding 
the latter to the mean longitude, we get 320" 37' for the true heliocentric 
longitude of the planet. How, if we compute tlie place of the planet for 
the same instant by means of the elements derived from observation, we 
shall obtain 324° 48'for the 4rue longitudej|. The difference, therefore, 
between the actual and theoretical places w'as only 1" 40'; and it is clear 
that if w'e had employed, as the epoch of comparison, the 23rd,S0pteml)er, 
1846 (the epoch of the actual discovery of the planet), the result would 
not have been materially different. 

Thus it appears that, as early as the month of October, 1845, seven 
months before any other person had arrived at a similar conclusion, 
Mr. Adams had solved the inverse problem, of planetary perturbation ; 
that, by means of his solution, he had discovered, theoretically, the 
existence of a planet exterior to Uranus ; and that he had assigned to 

Challis’ Report to the Syndicate of the University of Cambridge; see also Phil. 
Mag., 1847. 

f Airy’s Hist. Statement, No. 9. ^ Airy’s Hist. Statement, No. 10. 

§ Ibid, No. 11. 

II The elements here employed are those deduced from observation by Professor 
Walker of Washington. 
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tlie unknown body a place in tlie heavens which was subsoquontly found 
•feo differ little more than one degree fi’om its actual placo. AH that wsis 
HOW wantino-, therefore, to assure both to Mr. Adams ami to his <‘oiintry 
the undivided honour of one of the noblest discoveries recorded in the 
annals of science, was some zealous observer to give eUlH^fc to Hi.s 
results, by carefully searching the heavens in the vitunily of tlu^ phicn 
indicated by his theory as that occupied by the planet. If sudi a scru¬ 
tiny had been undertaken, and prosecuted for some time, it would btjyond 
all noubt have resulted in the actual discovery of the planet, and the name 
of Adams would have been alone associated with that remarkabbt triumph 
of science- Such a consummation was not destined to ho the nnvnrtl of 
Mr. Adams; but this circumstance does not detract in the slighte.st de¬ 
gree from the merit of his researches ; for it is now universally udmitf*‘d 
that he was the fii’st theoretical discoverer of the }>lanot, and lliat, as far 
as the task of the mathematician was concerned, ho left no part of tho 
p>roblem relative to the determination of its actual position to be com¬ 
pleted by others. 

A few days after the Astronomer E,oyal received Mr. Adanis’ paper con¬ 
taining the elements of the new planet, he wrote a letter to that gimtleirnin, 
thanking him for his communication, and stating that the results appearetl 
to him very satisfactory*:=. He mentioned, however, that he was dcKtrous 
of knowing whether the theory gave an equally satisfactory acctmnt of the 
errors of radius vector, directing Mr. Adams’ attention to the fact of llu'se 
errors having recently become very considerable. 

Mr. Airy deemed the e.vplanation of the errors of radius vector to be iiu 


ea'j)erimentuui crucis, which would decide, in his mind, tho questitin td* the 
legitimacy of Mr. Adams’ researches, and ho naturally enough waitetl for 
the I’eply of that gentleman before taking any active steps for the purpose 
of discovering the planet. Unfortunately, Mr. Adams did not i'onsider it 
a matter of importance to, transmit prompt information to Mr. Aiiy on 
this point; and it was not until nine months afterwards, when his results 
were confirmed by similar researches, prosecuted in another qtiarter, that, 
any attempt was made to obtain their verification. It must, not, howt'ver, 
be inferred, from the fact of Mr. Adams not having roturuod an inunediale 
answer to My. Airy s letter, that he was prevented from doing so by any 
imperfection in his solution of the inverse problem of ijertxtrbat iou. H'hon 
once the elements of the unknown planet, and the corrections to tho tdenumtf s 
of JDraiius^ liave l)een deduced fx^ora tlie eri'ors of loximtude tho 
radius rector uiay then be calculated by a direct proo°esr tVhich ,1,” h 
involve any analytical difficulties beyond those already vannuished in ilu» 
OeUste We shall again Lve occasion to SvertTtMspuiuV^ 

necetosaiy to state, before proceeding further, that Mr, A damn’ rn- 
searches the theory of Uranus were not hitherto made known to thu 

ssSe-to^^i” ““d™ hfs c:f'\ 

iiomer Alexis Bonvard nresentefl t ^ nephew of tho astro- 

They irere founded on’the observations orthVVire't Se^ubsY^cuU^; 


Compl2'ReSto“n^Sid4^e, tome'xf L 1843. 
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to its discovery in 1781, and on the anterior observations of Bradley, 
Lemonnier, and Mayer. The actual motion of the planet was represented 
better by them than by the tables constructed in 18S1, but the residual 
errors were still, in many instances, too great to be accounted for by any 
probable errors of observation. This was candidly admitted by the author 
of the tables, who intimated also his belief that the errors were of such a 
nature as to give countenance to the opinion entertained by his uncle that 
they were due to the perturbations produced by another planet *. 

The failure of this laborious attempt to correct the tables of Uranus 
without the introduction of any new hypothesis, beyond doubt produced a 
strong impression on the minds of the French astronomers ; and it was 
probably this circumstance which induced M. Arago to propose to his 
friend, M. Verrier, the theory of Uranus as a subject eminently 
worthy of attention. We have already had frequent occasions to allude 
to the labours of this talented mathematician. He had recently been 
occupied with the theory of comets; hut, at the suggestion of the illustrious 
philosopher just mentioned, he temporarily laid aside his researches on 
that subject, and resolved to institute a searching scrutiny into all the 
circumstances affecting the motion of Uranus. An account of the first 
part of his researches appeared in the Comptes JRendus of the Academy 
of Sciences, for the 10th of November, 1845. It contained the result of a 
rigorous examination of the motion of the planet according to the princi¬ 
ples of the actual theory. The only interior planets which produce sen¬ 
sible perturbations in the motion of Uranus are Jupiter and '4^ 

of these the latter exercises the more powerful inQuence, on ot 

his comparative proximity to the disturbed planet. He Verriei: wter- 
mined the value of every inequality depending on the action of Saturn, 
that exceeded the twentieth part of a second, employing two distinct 
methods of calculation, in order to assure greater accuracy to his results f. 
He also computed all the perturbations occasioned by tbe actioti of Jupiter. 
Nor did he confine his researches to the inequalities of tbe first order of 
magnitude. All the principal inequalities depending on tho squares of 
the disturbing forces were also taken into account by him A great 
number of small terms were thus introduced, for the first time, into tho 

^ In a letter from Eugene Bouvard to Mr, Airy, dated the 6th October, 18fJ7, wo 
find also an allusion to the opinion entertained by his uncle, Alexis Boavard, that tho ir¬ 
regularities of Uranus were occasioned by a disturbing planet. After adverting to the 
inconsistency of the tables with observation, ho then proceeds thus: “ Cola tient-il d uno 
perturbation inconnue apportde dans le mouveincnt do cet astro par un corps situo au- 
delsi.? Je ne sais, mais e’est du moin8'l’id6e do raon oncle.”—Airy’s Hist. Statement, No- 3. 

+ One of these methods is that to which allusion lias been made in page 115 of this work. 

j When the mutual action of two planets is considered, their poriurbations are fiiut 
qomputed by supposing them to move in ellipses, and the resulting inequalities are of the 
first order with respect to the disturbing forces. In a second approximation tlie perturba¬ 
tions consequent upon the derangements of the motions of tho two planets, as assigned by 
the first approximation, are taken into account, and the inequalities hence derived are of tho 
second order with respect to the disturbing forces. It is important to remark that the 
‘ inequalities of the second order may be materially modified by the derangements of both 
planets depending upon the action of a third planet. This happens when tho theory .of 
Uranus and Saturn is considered, the action of Jupiter exercising a very sensible inllu- 
ence on the mutual perturbations of those bodies. On account of his great mass and his 
comparative proximity to Saturn, Jupiter produces very extensive perturbations in tho 
motion of that planet. Le Verrier, who resolved to verify everything by actual calcula¬ 
tion, was induced by this circumstance to investigate a great part of the theory of Saturn, 
even although, in the present case, it was only with the ulterior view of computing the 
action of that planet upon Uranus. 
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Heliocentric co-ordinates of the planet, the previous omission of which, 
he shewed was alone sufficient to occasion sensible errors in the tables. ^ 
An ^oint of the second part of Le Verrier’s researches apponred in 
the CoXtes Bendvs, for the 1st of June, 1840. After havnig corrected 
Ihe £eo^ of the planet, he next proceeded to compare it with tho obser¬ 
vations in order to ascertain whether the latter might ho siitmliod hy 
antilvina suitable corrections to the elements, or whether it was iropossii.h, 
to account for them by any ellipse whatever and the porturliations of 
the known planets. He selected, for th s purpose, uinctmm au.uont ob¬ 
servations of the planet, and 360 observations made at tho Obsorvatonca of 
Greenwich and Paris, during the period comprised hotwoon tho discovery of 
the planet in 1781 and the month of Septomber, 184S. In order of- 
fGCtvLsXly to gufird aga.iiist ©very contingency of oiioii b© tnitlortonk tbo 
laborious task of reducing anew all these observations. Having ompIoyfHl 
the results in computing the geocentric co-ordinatos of tho planot for onrli 
observation, he then proceeded to deduce from theory tho corroHjamding 
values of the co-ordinates. It was necessary for this purpose to <le(ornniu% 
in the first instance, the heliocentric co-ordinates of the planot. Whtui fcboHO 
are known, and also the place of the earth in her orbit, a siinplo calculation, 
the converse, in fact, of that to which we have already allutlful- h, will sulltco 
for passing from the heliocentric to the geocentric co-ordinates, l as Vorrior 
therefore calculated the heliocentric longitude, latitude, and radius vacir>r 
pf the planet; and then, by means of these data and tho places of tho «‘artb 
^ %sa!rbrbit, derived from the solar tables, he determined tho values of tho 
geocehtric co-ordinates. Finally, subtracting tho value of each <‘.(j-ordinato 
from the corresponding value assigned by observation, ho obtained tho 
errors of his theory. The question which now offered itself was this : <’un 
these errors be destroyed by applying suitable corrections to the elliptic 
elements of the planet? Now, it is easy to obtain the analytical exprossion 
for the error in geocentric longitude, in terms of the errors of tho ohninjuts 
of the planet, these errors being exhibited in indetorminato forms. In 
th© present case, the only elements which it is necessary to takc< into 
account are the mean distance, the epoch, the occontricity, atid tlio 
longitude of the perihelion; for the effects due to errors in tho other two 
elements are of an inferior order of magnitude, and, in consequence, may 
be neglected. By putting the algebraic expression for tho error of tho 
theory equal to each of the numerical values which ho had previously 
obtained by a comparison of the observed and calculated geocentric hnign 
tudes, Be Verrier formed a series of equations of condition, which <night 
to be satisfied if the discordances between theory and observation 
were really due to errors in the elements. Every observation gave 
him a corresponding equation of condition; so that tho total number 
of equations thus formed by him amounted to two hundred and 
seventy-nine. Setting aside the equations of condition depending mi 
the ancient observations, he formed four final equations, by a suit¬ 
able combination of all the others, and from them deduced tbo 
rections to the four elements. The motion of the planot, wiuui 
a great number of places by means of the new cIIitihc, 
application of these con-ections to tbe tabular olcmcuts, 
still exhibited discordances with the actual motion, which were generally 
by far too great to be accounted for by any probable errors of obsMvatioto 

* See page 171. 
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It appeared, therefore, impossible to avoid the conclusion, that some 
extraneous cause must be constantly acting upon the planet, the influence 
of which had not hitherto been taken into account in calculating its motion. 
In order, however, to establish, bejmnd all doubt, that the discordances 
were not dub to the particular values of the elements employed by him, 
he had recourse to a general method by which he formally demon¬ 
strated the incompatibility of the existing theory of the planet with the re¬ 
sults of observation. Pursuing a prpcess which it would be out of place to 
explain here, he obtained a final equation, one part of which was a 
numerical quantity amounting to 356", while the other part was an 
analytical expression involving eleven mean errors of observation in 
indeterminate forms, these mean errors being in each case generally the 
resultant of a great number of individual errors of observation. Now, if 
the discordances between the computed and the actual motion of the planet 
were really due to errors of observation, this equation ought to be 
rigorously true. The question, therefore, which now presented itself to 
M. Le Verrier was this: is it possible, by ascribing to the errors of 
observation any admissible values, to render the indeterminate part of the 
equation equal to the numerical part? With the view of arriving at a 
definite solution of this question, he gave to each error a value considerably 
greater than was probably due to it; he further supposed that the errors 
all took place in the same direction, and also that they had in all cases 
attained their maximum values. These assumptions, although very 
improbable, were all favourable towards rendering the equation identiqally 
true; still, notwithstanding this circumstance, the resulting valw ^ ff the 
indetei'minate part of the equation amounted only to 93", and cons^^ently 
of the 356", which formed the constant part, there still remained 364" 
unaccounted for. Te Verrier, therefore, finally concluded that the theory 
of Uranus in its existing state was absolutely incapable of representing the 
actual motion of the planet; and that the 364" which formed the 
residual part of the equation must be attributed to some extraneous 
cause acting upon tlie planet, and bitlierto unknown to astronomers. 

Ue Verrier next examined the various hypotlieses which had been 
advanced with the view of accounting for the irregularities in the motion 
of Uranus. Some persons imagined that the solar force did not diminish 
in intensity according to the exact ratio of the -inverse square of the 
distance; and they suspected that, for a body so remote as Uranus, the 
deviation from the Newtonian law might become sensible. Ue Verrier 
justly considered all such hypotheses to be inadmissible, until it -was found 
that the anomalies of the planet could not be accounted for in accordance 
with the recognised principles of the theory of gravitation. Again, others 
were disposed to ascribe the irregularities to the influence of a resisting 
medium pervading the regions of space. This explanation he considered 
to be equally unworthy of credit; since the effects of a resisting medium 
had not been found to be sensible, even in cases much more favourable for 
the manifestation of its presence. 

Were the errors, then, due to a large satellite which accompanied 
Uranus in its orbit, and constantly disturbed its motion ? This explana¬ 
tion was likewise untenable; for the perturbations pi-oduced by a satellite 
would pass through their values in short periods, whereas the actual 
irregularities of the planet appeared to develope themselves with extreme 
slowness. Besides, the satellite would require to he very large, and in 
that case could not fail to have been discovered by astronomers. 

N 
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In the next place, were the irregularities due to a comet which came 
into collision with the planet, and suddenly changed the direction and 
quantity of its motion ? The effect of such a collision would be to throw 
the planet out of the ellipse in which it was moving, into another ellipse 
having different elements. Its motion, therefore, previous to the epoch 
of collision, and during an indefinite lapse of time afterwards, would be satis¬ 
fied by two distinct systems of elliptic elements, and consequently in neither 
case ought there to appear any- outstanding irregularities, when once the 
elements were duly corrected by means of ob^servations relating exclusively 
to the ellipse under consideration. This hypothesis acquired some degree 
of plausibility from the fact, that Bouvard succeeded in representing with 
tolerable accuracy, by means of an elliptic orbit, all the observations of 
the planet comprised between the years 1781 and 1820. In order, 
however, to justify its adoption, it would he necessary that this ellipse 
should tally either with the observations anterior to 1781, or with those 
subsequent to 1820, conditions both of which had been found by astrono¬ 
mers to be incompatible with the actual motion of the planet. 

It was manifest, then, that the irregularities must he occasioned by 
some cause acting continuously upon the planet, and varying slowly in the 
intensity of its influence. This can be no other than a planet, and the 
question then arises: is it possible to assign the place in the heavens 
which it ought to occupy ? In the first place, it could not be situated within 
Saturn, for, if so, it would disturb that planet to a greater extent than it 
disturbs Uranus ; but this was contrary to fact, the perturbations which 
it produces in the motion of Satinm being insensible. Secondly, was it 
situated between Saturn and Uranus ? In that case, it would I’equire to 
be nearer Uranus than Saturn, and as its mass, in consequence, must 
necessarily be very inconsiderable, the perturbations produced by it 
would be sensible only in conjunction. But the periodic times of the two 
planets would be very nearly equal. It followed, therefore, that the 
perturbations would be sensible only once during the period including all 
the^ existing observations of Uranus. This conclusion, however, was at 
variance with the actual character of the irregularities of the planet. 
The disturbing body must, therefore, be situated beyond Uranus. It 
rnust not be very near that planet, for its mass would then bo incon¬ 
siderable, and its perturbations, as in the preceding case, would exhibit 
a character inconsistent with observation. Nor must it be situated very 
far beyond Uranus; for, if it were so, its respective distances from Saturn 
and Uranus would be comparable with each other, and it would be im¬ 
possible^ to account for the irregularities of Uranus without developin<T^ 
similar irregularities of the same order of magnitude in Saturn; but of 
tli6S6 tlioro did. not oxist any sBiisiblo traces. It manifestly followed 
therefore, that the planet must be situated at some moderate distance 
beyond Uranus. Now, according to Bodes law, tbe successive distances of 
the more remote planets are nearly double each other. Le Verrier, there¬ 
fore, assumed^ as the_ basis of a first approximation, that the disturbincr 
planGt was twic6 as distant fi'om the sun as Uranus, and, arguing similarly 
from analogy, he concluded that it revolved very nearly in the plane of 
the ecliptic. He was thus led to propound the subject of his researches 
in the following form:—“Is it possible that the irregidarities of 
Uranm may arise from the action of a planet situated in the ecliptic at a 
mean distance double that of Uranus ? If such be the case, ivhat is the 
actual position of this planet ? What is its mass ? and what are the ele~ 



HISTOBY OF PHYS1CA.1. ASTBONOMY. 


179 


ments oj the orhit which it describes?''' The problem being thus enun¬ 
ciated, Le Verrier next proceeded to explain his method of solution. It 
•was.impossible to consider the disturbing planet without also taking into 
account the errors in the elements of Uranus; for the irregularities of the 
latter planet, which formed the data of the problem, depended on both 
these causes; nor was it possible to eliminate the effects due to either cause 
without a knowledge of those due to the other. The problem, therefore, 
admitted of solution only by a method which would embrace in one 
simultaneous investigation the elements of the disturbing planet, and 
the corrections due to the elements of Uranus. It was necessary for this 
purpose to compute the heliocentric co-ordinates of the latter planet by 
means of the actual ellipse, and the perturbations of the know'n planets, 
and then to apply to the results 1**, the expression for the perturbations of 
the unknown planet, in terms of its mass and the elements of its orbit, 
the expression for the correction due to the false ellipse of Uranus, 
in terms of the errors of the elements. Each of the two last-mentioned 
expressions contained four unknown quantities, and therefore the com¬ 
plete value of any of the heliocentric co-ordinates would contain eight un¬ 
known quantities. Equating this result to the corresponding value of 
the co-ordinate derived from observation, an equation of condition was 
formed between the eight unknown quantities, and the solution of the prob¬ 
lem was reduced to the elimination of these quantities from a system of 
such equations. 

Ue Verrier employed as the basis of his researches eighteen errors of 
heliocentric longitude*. Three of these errors depended on observations 
of the planet made by Elamstead, in 1690, 171S, and 1715. The other 
fifteen extended over the period embraced between 1747 and 1845, and 
were separated by equal intervals of seven years. By means of these 
eighteen errors he formed an equal number of equations of condition. 
He remarked that the corrections to the elements of Uranus might be 
readily eliminated from the equations of condition ; and lienee (lie re¬ 
sulting equations would contain only four unknown quantities, namely, tlie 
mass, the epoch, the eccentricity, and the longitude of tlie perihelion of the 
disturbing planet. Now, it was easy to obtain exjiressions for tlie mass, 
the eccentricity, and the longitude of the perilielion, in terms of the 
epoch. The reader -wdio possesses a knowledge of tlie elements of mathe¬ 
matics will hence perceive that by means of these expressions an equation 
might finally be formed involving the epoch alono ; and upon its elimi¬ 
nation the solution of the problem would manifestly depend. This element, 
however, presented itself in such a complicated form, that I_»e Verrier 
did not consider it advisable to attempt the solution of the problem by 
means of such an equation. He proposed to attain the same end by 

* He had previously employed these errors in demonstrating the incompatibility of the 
actual theory of Uranus with the results of observation ; but, in order to avoid unneces¬ 
sary complication, we did not make any allusion to them on that occasion. As the errors 
were all subject to the condition of being equidistant, it was impossible to detcrmijie them 
generally except by a process of interpolation ; and, as the ancient observations were sepa¬ 
rated from each other by considerable intervals, it is manifest that in some inslanct.'s tlio 
numerical values of the errors could not be relied upon for extreme ac-ciiracy. llcsi<U‘s, 
the probable etf6ct of the error of radius vector was not taken into acrcoimt. l.c V« rrier 
clearly saw that the errors arisinpf from both these causes were too insignificant to de¬ 
serve notice when the object merely was to obtain an approximate value of the mean longi¬ 
tude of the disturbing planet. In his final solution he compUdely eluded Vmth source.s of 
error by employing as the basis of liis investigation the geocentric longitudes of llranus. 

N 2 
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assigning to the epoch a succession of numerical values, and, having de¬ 
termined by means of it the corresponding values of the other elements, 
then ascertaining which system of values agreed best with the mbser- 
vations. 

Xi6 Terrier eliminated the corrections to the elements of Uranus from the 
equations of 1715, 1775, 1810, and 1845; and, setting aside those of 1690 
and 1715, he grouped the remaining twelve into three mean equations cor¬ 
responding to the years 1758, 1793, and 1838. Each of these equations 
contained the mass, the eccentricity, the longitude of the perihelion, and the 
epoch of the disturbing planet. Now, by assigning any particular value 
to the epoch, it was easy to determine the values of the other three un¬ 
known quantities. These values might then be employed in computing 
the place of Uranus corresponding to any given observation ; and, by a 
comparison of the observed and computed places, the error of the theory 
depending on the assumed value of the epoch might be ascertained. Le 
Terrier proposed, by this means, to compare his theory with the observa¬ 
tions of 1690 and 1747 for a great number of vahies of the epoch, with 
the view of discovering whether the errors in any case were so small that 
it might be fairly presumed they were due to errors of observation. Tins 
was the criterion by which he resolved to test the legitimacy of his 
theory; and its suitableness for this purpose may be readily understood, 
for it is manifest that any errors committed in the calculation of the ele¬ 
ments of the disturbing planet by means of the equations of condition, 
founded mainly on the modern observations, could not fail to produce 
sensible effects when the theory was compared with the more remote ob¬ 
servations of 1690 and 1747'i*. In order to confine his labours within as 
narrow a sphere as possible, he proceeded to inquire what values of the 
epoch were really admissible, for it was useless to employ any values that 
did not'tally with the conditions of the problem. Now, it was clear that 
those values of the epoch which assigned negative values to the mass ought 
to he rejected, for all such values implied that the disturbing planet exerted 
on Uranus b. pushing force, and not an attractive force, conformably to the 
theory of gravitation. Le Terrier found by an elaborate and skilful scrutiny 
of the form of the algebraic expression for the mass that it had a positive signi¬ 
fication for all those values of the epoch comprised between 96° 40' and 
189° 65', and also for those between 263° 8' and 358° 41' ; and that it was 
negative for all the remaining values comprised within the circuit of the 
ecliptic. Again, it was evident that those values of the epoch which made the 
mass immoderately large were inadmissible ; for, in all such cases, the planet 
would produce sensible perturbations in the motion of Saturn; but this con¬ 
clusion was at variance with observation. Bejecting all such values, Le 
Terrier succeeded in bringing still nearer to each other the limits he had 
previously found. The arc which had 96° 40' and 189° 65' for its limits 
now extended only between 108° and 163°; while the arc which was 


* Some of our readers may be disposed to conclude, by similar roasoninff, that it 
would be more advantageous to test the theory by the equations of J7J2 and 1690 than 
by those of 1747 and 1690. This is, no doubt, true in an absolute sense ; but it must 
borne in mind that the equation of 1715 was employed for the purpose of eliminating 
tbe corrections to the elements of Uranus, and was on this account invariably equal to 
zero. It is easy, then, to perceive, when we take into account the close proxirnity of the 
observations of 1712 and 1715, that the equation of 1712 would, in all cases, be exceed- 
ingly small, and consequently it could be of little value in testing the accuracy of the 
theory m any particular case. 
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bounded by S63° 8"' and 358° 41'' was now wholly included between SOT® 
and 333°. 

It only now remained for him to compute the values of the mass, the 
eccentricity, and the longitude of the perihelion of the disturbing planet, 
for a number of particular values of the epoch contained between those 
limits which he had found to include all the admissible values, and then 
to determine the corresponding errors of the theory in 1690 and 1747. 
This calculation he executed for a great number of equidistant values of 
the epoch, but he was mortified to find that the errors were in all cases 
so considerable that they could not be accounted for by any probable 
errors of observation, and the conclusion seemed to be inevitable, that it 
was absolutely impossible to represent the irregularities of Uranus by the 
hypothesis of a disturbing planet. Thus it appeared to him that he was 
all the while engaged in pursuing a phantom, or, to use the words of the 
illustrious Kepler on a similar occasion, “ all his labours vanished in 
smoke.”* 

Notwithstanding this unexpected conclusion, Le Verrier was still reluc 
tant to abandon the hypothesis of an exterior planet; for, in such abstruse 
and complicated inquiries, there may exist just reasons for supposing that 
the final results have been influenced in an inordinate degree by some 
hidden cause, depending either on the method of solution or on the na¬ 
ture of the problem itself. He did not therefore des}3air of rendering his 
theory consistent with observation by the detection of some peculiarity of 
this kind; nor did his genius fail to come eventually to his aid in this 
perplexing emergency. He, discovered, in fact, that the form of the ana¬ 
lytical expression for the mass was such, that a very small error committed 
in the observations of Uranus would affect, to an enormous e.xtent, its nu¬ 
merical value corresponding to any given value of the epoch; whence it 
followed that the errors of the theory iti 1090 and 1747, which had been 
computed by means of the values of the mass, and the other elements of 
the disturbing planet obtained by supposing the ohservaLions to be abso¬ 
lutely correct, had not been fairly represented by the results relative to 
those quantities at which he had finally arrived. It appeared to him, 
therefore, that no legitimate conclusion could be deduced from the equa¬ 
tions of condition until the supposition of possible ermrs in the observa¬ 
tions was introduced into them. He now resumed the consideration 
of the three mean equations of 1758, 1793, and 1828, assuming that all 
the observations which entered into their composition were affected with 
indeterminate errors. By a simple inspection of their forms he discovered 
that these equations could only be affected to a sensible extent by tlie errors 
of the observations of 1715 and 177r) |-. In addition, therefore, to the four 
unknown quantities, relative to the disturbing planet, each equation con¬ 
tained these two errors represented by appropriate symbols. He now re¬ 
solved to assign a succession of values to the epoch in the two equations of 

Itaque causso physicse, cap. xlv. in fumos abeunt, De 3fotihus Stellm Martis, cap. Iv. 
Such are the terms in which Kepler announces the failure of his oval theory to account 
for the motions of Mai*s, a theory to which he long continued to cling with the most al)so- 
lutc conviction of its truth, and upon which he expended an almost incredible amount of 
itigenious reasoning and toilsome calculation. While pondering in great j)crplexity on 
the cause of the failure, a happy inspiration of his genius revealed to him the grand truth 
tliat the orbit of the planet is an ellipse. 

+ The errors of observation for 1810 and 184.'!) were also similarly calculated to 
affect, the equations; hut, as Miey were in all proV»abHity very small, Le Verrier considered 
that he might safely dispense with taking them into account. 
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1798 and 1828, and then to eliminate from them the ecceiitrloily aucl the 
longitude of the perihelion of the disturbing planet. From what wo have 
already said, relative to the composition of these equations, it is manifest 
that each of the eliminated elements would he expressed in terms of three 
unknown quantities, namely, the mass, and the two indeterminate errors 
of observation. He now proposed, by means of them, to determine the 
errors of the theory in 1690, 1T47, and 1758, in order to ascertain whether 
they might be made sufficiently small for any value of the epoch. These 
errors no longer appeared in the form of simple numerical results, as they 
did hy his first method. They now contained the mass, and the two 
errors of observation in indeterminate forms; and it was only by a discus¬ 
sion founded on the limits, within which each of these three quantities 
might possibly vary, that the numerical value of the error of the theory 
could be in any case arrived at. 

Le Verrier proceeded to apply this method of investigation, purposing 
to extend it to the whole of the ecliptic. For this purpose he made 
the epoch of the disturbing planet vary for every 9® from zero to 360®, 
and computed the corresponding errors of the theory in 1090, 1747, and 
1758. Examining the expressions for these errors, he found that, for all 
values of the epoch from zero to 189°, no admissible values of the mass 
and the other two indeterminate quantities could render the results in all 
the three cases so small that they might reasonably be attributed to errors 
of observation. As the epoch increased from 189°, the errors in each of 
the three cases began to diminish, and they all became veiy small, when 
it attained a value equal to 243° or 253°, or any of the intermediate 
values.. From 252° the errors began to increase and soon became 
inadmissible; nor did they present any diminution throughout the remain¬ 
ing part of the circumference of the ecliptic. Le Verrier therefore came 
to the conclusion that tlver^ i& only one region of the ecli;ptic in which it is 
possible to place the disturbing planet so as to account for the movements of 
JJranus, and that the mean longitude of this planet, on the of Jantiarg, 
1800, must he included between 243® and 252®. 

The next point to ascertain was, whether a planet actually situated in 
the region indicated hy his researches would account generally for the 
irregularities of Uranus; for, although he bad found that a planet whose 
mean longitude was somewhere about 252®, and whose eccentricity and 
longitude of perihelion were determined hy the equations of 1793 and 
1828, would also satisfy the equations of 1690, 1747, and 1768, it did not 
follow as a necessary consequence that all the equations of condition depend¬ 
ing severally upon the individual observations of the planet would also be 
satisfied by the same supposition. In order to establish this point, he 
resolved to compute the errors, of the theory corresponding to the eighteen 
individual observations which formed the basis of his researches. There 
. was this advantage, however, gained hy his previous labours, that it was no 
longer necessary to extend his investigation to the whole circuit of the 
ecliptic, it being merely sufficient to examine the region in which he had 
already found that the planet, if really existing, must be situated, at the 
commencernent of the year 1800. With this view he formed eighteen 
expressions' for the errors of the theory for five equidistant values of the 
epoch comprised between 234° and 270°, the corresponding values of 
the eccentricity and the longitude of the perihelion being derived, as 
before, from the two mean equations of 1793 and 1828. The result of 
this investigation afforded a complete confirmation of his previous re- 
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-.earclies. He now found that, when the epoch was made e<liml to , 

he eighteen errors of the theory could lie so climinisl.ed Ijy aHHignnig to 
he mass, and the two indeterminate errors of observatimi, valuoH wnlmi 
heir prescribed limits, that the residual (luantities miglit roaBonat.lv ho 
apposed to arise from errors of observation- As tlie 

ach side of S63®, the errors continued small lor the first 1) ; Iml inter" 
'ards they began to increase, and became iiiadraiissiblc hetoro it icacnci 
Sd'’ or S70®. He therefore concluded that the obBCi^’^atiouB of Urmmw 
light generally be satisfied by the hypothesis of a disturbing pianist, wlioHe 
lean longitude at the commencement of the year J 800 W'as nearly to 

5 2^- 

It still remained for him to determine the approximate viiluo of the t rue 
ngitude, a knowledge of which was iudispeiisalile to the discovery of the 
auet. For this purpose, it Was necessary for liim to investigate th© 
lues of the eccentricity and the perihelion corresponding to tlio value of 
e epoch adopted by him as the most probable approximation to the t ruth, 
iw the expressions for these elements were obtained by eliminating tlw'iu 
*m the mean equations of 1793 and 1838, after snbstitutiiig iol* the epoeb 
3 numerical value 353”, and consequently eaclr of them containeil three 
known quantities; namely, the mass and the two indeteiuiiinnto errors 
observation. By a skilful discussion of tlie errors ot tlie lhe<»ry corre- 
.nding to the eighteen fundamental equations of conditions, i \ «n*rier 
i already arrived at approximate values of these tlireo qnant.it.ioH i'. 

! therefore readily determined the numerical values of the oeeeiitritdty 
I the longitude of the peidhelion f; by means of which, and the other two 
ments already known, he computed the apj)roximato value of the tnie 
gitude. He finally concluded that the true longitude of the disturbing 
aet for the 1st of January, 1847, was 835”, and tliat the prohahlo error 
not exceed 10”. 

je Verrier’s paper contained the earliest ace.oimt of r<>s(Mi.r<the.s )*ospi>et. 
the hypothetical planet that was given to the world, and, as nniy well 
ionceived, it was read with delight by a.ll t.lie astronomors of I'/uroju*. 
Airy received the Comptes Hendus for tlio ls(. dune, on the 38rd of 
same month, r'iiiding that the place fissigned by Lo Verrim- to tin? 
arbing planet did not differ more than a <legrc;e from tliat wliieh l\1r. 
ms had assigned to it eight months ju'eviously, lie f<dt a strong |Hvr* 
ion of the accuracy of the labours of both matheinatieians. iJ«; wum 
, however, anxious to ascertain whether the aediou of the Ityjiot.hetie, 
et would account for the errors in tlio riulius vector of (JraniiH as Hiiiis* 
rily as it accounted for the errors in longit-uilo, luid he now aj.plied to 
-.e Verrier for information on this point, as on a similar oct^asion ho 


Le Verrier, indeed, does not give any account of the metbofl by wliieh ho 
ed to the errors of observation their most probable values; hut it, is jirobahh's that 
acted this object by a careful comparison of the rcsiilual errors of the tlMU.ry, vtdiieh 
cases were expressed in terms of the mass, and the two indeteruiiriate (MtanlitioH th*- 
■ the errors of observation. It is not icnpo-ssiblc atso, tliat, in order to aHHUre. 
r accuracy tp his results in the present instance, he took into a<*coniit. tlu'' «‘llrct 
errors of observation for 1810 and 1845; for, altbough the presumed iiisigniti- 
of these errors allowed their rejection when the object, was meridy to nse<Ttain the 
of the ecliptic in which the planet was to be found, .still, when the ipiestion ri'fm red 
determination of its actual position, it is not dillieult to pereeiv<* thii desirableni'Hsi 
ng them into account. In fact, Le Verrier .slievvs, at pagi; of his Memoir, that 

tercise a very sensible influence on the ultimate vtihies of (he «Trors of the theorv. 
he paper in the Cornptes JRemlus for the ,Ist «7uue does not eoutaiu any iuiiut*rieiitl 
of these elements. 
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hBd .applied to Mr. Adams. In. bis letter to tlie FrenoE matliematician, 
lie remarks, tbat tbe tabular radii vectores of Uranus were too small in 
recent years ; and be asks whether this would result from tbe disturbance 
of an exterior planet occupying tbe position indicated by the theory. 
imagine,” says Mr. Airy, “ tbat it would not be so, because the principal 
term of the inequality would probably be analogous to the moons yaria- 
tion, or would depend on sine 2 ('v — v') ; and in that case tbe perturba- 
hation in radius vector would have the sign — for the present relative 
position of tbe planet and Uranus. But this analogy is worth little until 
it is supported by proper symbolical computations.” 

The reply of Le Yerrier to the Astronomer Royal was at once prompt 
and satisfactory. JHe stated that bis theory accounted for the errors of 
radius vector as w'ell as those of longitude ; and he explained tbe circum¬ 
stances which caused them to disappear. We have already mentioned 
that tbe irregularities of Uranus, if due to a disturbing planet, must have 
proceeded partly from tbe errors in the elements of tbe planet’s own orbit, 
and partly from the perturbations occasioned by the undiscovered planet. 
Now, JLe Yerrier found that the errors of radius vector almost wholly 
vanished when he applied to the elements the corrections derived from 
the errors of longitude. It was clear, then, that the errors directly de¬ 
pendent on perturbation were quite insignificant, compared with those 
arising from the distortion of the orbit, and this circumstance afforded a 
satisfactory explanation of the apparent inconsistency between theory and 
observation, alluded to by the Astronomer Royal in his letter to Le 
Yerrier. The latter, in fact, found that both the eccentricity and the 
longitude of the perihelion ought to be increased; and it happened, in con¬ 
sequence of the actual position of the planet, that the application of these 
corrections had tbe effect of increasing the tabular value of the radius vector 
almost to the whole extent required by the observations *. 

Tbe results of Mr. Adams, which received so remarkable a confirmation 
from those of M. Le Yerrier, appeared now to the Astronomer Royal to 
be established beyond all doubt by the satisfactory communication he re¬ 
ceived from the latter of these mathematicians. At a meeting of the 
Board of Visitors of tbe Observatory of Green wicb, held on file ?29th 
June, 1846, Mr. Aary mentioned the near agreement of the results ob¬ 
tained by Le Yerrier and Adams relative to the supposed existence of a 
planet exterior to Uranus ; and be suggested in strong terms the desir¬ 
ableness of some Observatory devoting its resources to a systematic 
search for the undiscovered body. In pursuance of this view he wrote a 
letter to Mr. Challis, dated the 9th July, recommending an examination 
of tbe heavens with the Northumberland refractor, and offering to supply 
him with an assistant if he should not have leisure to superintend the 
operation personally f. On the 13tb of the same month he wrote a second 
letter to Mr. Challis on the saine subject, inclosing in it a paper beaded, 
“ Suggestions for tbe Examination of a portion of the Heavens in search 

* Airy’s Hist. Statement, Ho. 14. 

f Airy’s Hist. Statement, No. 15. It is perhaps right to mention, for the use of some 
of our readers, that at Greenwich the object of the observations is to determine with the 
Utmost possible precision the apparent positions of the celestial bodies, rather than to 
acquire a knowledge of the physical structure of the heavens. Telescopes of great power 
are not, therefore, required at the Royal Observatory. In the present instance it was 
necessary to observe all the stars, in the part of the heavens appointed for examination, 
down to the tenth magnitude, but at Greenwich there were no telescopes sufficiently power- 
lul for this purpose. The iustnirnent alluded to by Mr. Airy is a Hiagnificent refractor pre^ 
seated to the University of Cambridge by the late Duke of Northumberland. 
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of the Kew Planet.” He proposed taking a sweep of the heavens in the 
direction of the ecliptic 80° long, and 10 ° broad, the centre being the 
place indicated by the theory as the locus of the planet. The paper con¬ 
tained the details of a plan for conducting the examination. In his letter 
he says, “ I only add at present that in my opinion the importance of 
this inquiry exceeds that of any current work which is of such a nature 
as not to he totally lost by delay.” Professor Challis declined Mr. Airy’s 
offer of an assistant, having himself formed the resolution (as he had pre.- 
viously intimated to Mr. Adams f) of searching for the planet on the oc¬ 
casion of the approaching opposition. Having received a paper from Mr. 
Adams, containing instructions relative to the theoretical place of the 
planet, he commenced his observations for this purpose on the 39 tb. July J. 
The plan contemplated was to sweep over the region of the zodiac selected 
for examination at least three times, completing each sweep before the 
commencement of the following one. It was concluded that to accomplish 
this object three hundred hours of ohseiwing would be required. The 
discovery of the planet would be effected by finding that one of the stai'S 
in the examined region had not the same position in each sweep. Mr. 
Ohallis continued to prosecute his search till tlio end of Sep)tember. 
We shall find that his observations contained more tha,n one place of the 
planet, and that their subsequent comparison, which was mdudcd in the 
plan of fl2)erations, would have infallibly led to its discovery. 

We now return to Mr. Adams. On the 2 nd September, 1846, he trans¬ 
mitted a second paper to the Astronomer lloyal, containing an account of 
his further researches on the Trans-Uranian planet. A comparison of his 
original results with the observations of Uranus had induced him to 
suspect that the mean distance was somewhat too great. He therefore dimi¬ 
nished it to the extent of - 37 , th, assuming it to he equal to 37.5, and then 
repeated his previous solution. He hoped that by this means the theory 
would be brought to agree better with the observations of recent years, 
and that a smaller value would bo obtained for the eccentricity, which ap¬ 
peared to him too large, as it resulted from liis first hypothesis. In bis 
communication to the Astronomer Itoyal, he gave the elements of the 
planet by tlie two hypotheses of the mean distJ.iuce, and appended a list of 
residual errors of longitude formed by a comj>aris()n of his tlieory with a 
great number of observations of the planet included between the years 
1712 and 1840. These errors were smaller by the second hypothesis 
than by the first, and the eccentricity was als<K considerjibly diminished. 
Mr. Adams was of opinion that by continuing to diminish the mean dis¬ 
tance the theory might be rendered still more accordant with obBervation, 
and he was induced to conclude, fi-om. an e.xarnination of the residual errors 
of recent years, that, by assigning to the mean distance a value equal to 
33.6, a very near appro.xiniatioii to tho truth would be obtained. This 

* Airy’a Hist. Statement, No. 16» 

p Challis’ Report to the Syndicate of the University of Cambridge. 

t Ibid. It must be borne in mind that at this time Le Verrier had obtiuned an ap¬ 
proximate value of the position of the planet, but had not as-signed detortninate values (o 
the mass or the elements of the orbit. A knowledge of the mass was necessary for (ho 
purpose of ascertaining the class of stars among which it might be expected that, the 
planet would be found. Mr. Adams, guided by his iheorctioal results, liad mentioiuul to 
Professor Challis that the planet would be equal to a star <tf tlie runth maguitiule. This 
cireuinstanec induced Mr. Challis to note the positions oCiill stars down to llie teiilln inior- 
nitude. The actual discovery of the planet, has .shewn that the rangr; of search adopted 
was at once necessary and sufficient. 
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surmise has been fully borne out by the results derived from actual obser-- 
vations of the planet; and, while it is highly creditable to Mr. Adams’ 
sagacity, it also shews the thorough, insight he had obtained ^ into the 
mutual bearings of the various parts of the intricate problem with which 
he was engaged. The following are the elements he deduced from his 
second hypothesis of the mean distance :—^ 


Mean longitude, October 1, 1846 
Longitude of the perihelion 
Eccentricity . . . - 

Mass ..... 


399° ll' 

.12053 

.0,0015008 


Mr. Adams gave examples of the correction to the tabular value of the 
radius vector. The correction for 1834 almost coincided with that which 
Mr. Airy had deduced from observation. The corrections for later years 
were not quite so satisfactory; but in this respect also the second hypo¬ 
thesis presented a better agreement with observation than the first did. 
Mr. Adams mentioned that lie was then engaged in determining the in¬ 
clination and place of the node, and that he hoped to complete his investi¬ 
gation in a few days. 

The corrections to the tabular radius vector transmitted, on this occa¬ 
sion by Mr. Adams to the Astronomer Eoyal, naturally suggest a few 
remarks. We have already mentioned that the latter attached much 
value to this part of the theory, as affording a criterion for testing the 
accuracy of the results derived from the researches on the ^ motion in 
longitude. We can easily imagine that some of our readers will he slow 
to concur with the views of the Astronomer Royal on this point. If indeed 
the cause of the irregularities of Uranus was doubtful, it is not difficult to 
perceive tliat the explanation of the errors of radius vector by the pertur¬ 
bations of an assumed planet would possess much weight in establishing 
the legitimacy of such an hypothesis ; for, granting that the irregularities^ 
were due to some other cause, although it is conceivable that the theory of 
gravitation'might be made to represent the errors in longitude by a suit¬ 
able evaluation of the constants of the problem, it is utterly im¬ 
probable that the same constants and the same values of them would also 
account for the errors of radius vector, with, which they had no physical 
connexion. But the necessity of computing the errors of radius vector in 
addition to those of longitude does not appear so obvious, if it be admitted 
that the irregularities of Uranus are really due to a disturbing planet, and 
that the sole point to be decided was the accuracy of the results. In this 
case it was known a priori that the constants which entered into the ex¬ 
pressions of the errors, both of longitude and radius vector, were the bond 
Jide representatives of the physical elements of the problem. It was 
also known that these expressions were legitimately deduced from esta-* 
blished principles, and consequently were not mere empyrical formuloB. 
Hence it might be presumed that results which accounted so satisfactorily 
for the errors in longitude throughout a period embracing more than.'a 
revolution and a half of the planet could hardly fail to account with equal 
fidelity for the errors of radius vector. This reasoning involves the tacit 
assumption that, if certain values of the unknown quantities of the problem 
satisfy the errors of one of the co-ordinates of the planet, they must 
either he absolutely correct, or must constitute very near appi'oxima- 
tions to the truth. This principle, however, is at variance with the 
result of researches in physical astronomy, for it has been found, in 
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the case which we are actually considering, that the equations of con¬ 
dition involving the errors of longitude may assign to the elements of the 
disturbing planet, and tj) the corrections of the elements of Uranus, values 
which shall account for these errors with sufficient accuracy, but still may 
differ widely from the true values. Now, if any such system of erroneous 
values was employed in computing the errors of radius vector, it manifestly 
does not follow as a necessary consequence that, because the motion in 
longitude had been satisfied by a mutual compensation of errors, the results 
in this case also would accord equally well with observation. We are 
therefore led to conclude that, even if the existence of an exterior planet 
had been already placed beyond all doubt, the explanation of the errors of 
radius vector would prove extremely valuable in testing the accuracy of 
results derived from the errors of longitude. It may be remarked, how 
ever, that the Astronomer Royal, in his letter to M. Ue Verrier, expressed 
in very explicit terms his doubts respecting the accuracy of the final results 
of that geometer, without indeed going so far as to reject in to to the hy¬ 
pothesis of a disturbing planet. In his letter to Mr. Adams, on the 
contrary, he does not suggest any such doubts, but simply inquires whether 
the errors of radius vector were accounted for by his theory as faithfully 
as those of longitude. We may suppose, then, that Mr. Adams, who had 
for many years been strongly impressed with the existence of a Trans- 
Uranian planet, and who had already been conducted to such satisfactoiy 
results by his researches on the motion in longitude, may not have duly 
appreciated the importance attached by the Astronomer Royal to the 
explanation of the errors of radius vector. It is to be regretted, how’ever, 
that he was so tardy in replying to Mr- Airy, especially as he could not 
have experienced any analytical difficulty in complying at once with his 
request 

An account of the third part of Le Verrier’s labours on the theory of 
Uranus appeared in the Comptes Rendus for the dlst August, 1846. Tlie 
main object of the second part of his researches, as announced in the 
Comptes Uend'Uft for the 1st June, was to obtain an approximate value of 
the epoch or mean longitude of the hypothetic pdanet at a given instant. 
"When this was once accomplished, the true value might be investigated by 
applying to the approximate value an indeterminate correction, and then 
deducing it from the conditions of the poroblem simultaneously with the 
other unknown quantities. There was this advantage gained by a first 
approximation to the epoch, that, as the correction to the true value might 
be presumed to be small, it was possible so to conduct the investigation 
that it would not be necessary to take into account any terms bey^ond those 
involving the first and second powers of the correction. For a similar 
reason a more accurate value of the mean distance niiglit be obtained by 
supposing the approximate mean distance to be affected with an indeter- 

* We have maintained that it does not necessarily follow, because the errors of longi¬ 
tude are satisfied, that the errors of radius vector are satisfied also. In the present in¬ 
stance, however, it happens that such is really the case. Mr. Adams, in his Memoir on 
the Perturbations of Uranus, has given an expression for the correction to the radius vec¬ 
tor involving the correction to the mean longitude and its differential, together with the 
eight unknown quantities of the problem; and he has shown that by far the most consider¬ 
able part of the expression is due to the term involving the differential of the correction to 
the mean longitude. Hence it manifestly follows that, if the tabular errors of longitude be 
satisfied, the errors of radius vector will be satisfied also. This result, bowover, <lcpcnds 
upon the particular values obtained for the unknown quantities, and c-ould not be pre¬ 
dicated by any d priori reasoning. 
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minate error, and then treating the latter as one of the unknown quantities 
of the problem. There were, therefore, five quantities to be determined 
relative to the disturbing planet; namely, the corrections to the mean dis¬ 
tance and the epoch, and the absolute values of the mass, the eccentricity, 
and the longitude of the perihelion. These five quantities, together with 
the corrections to the mean distance, the epoch, the eccentricity, and the 
longitude of the perihelion of Uranus, formed nine unknown quantities, 
upon the determination of which the solution of the problem depended. 

In the investigation of an approximate value of the epoch, JLe Verrier 
employed as the basis of his reasoning a select number of errors of helio¬ 
centric longitude. These were obtained by a comparison of the theory 
with observations made when the planet was in opposition. It would have 
been impossible to deduce accurately the errors of heliocentric longitude 
from all the observations, because many of the latter were made when the 
planet was near the quadratures, and in that case the process of passing 
from the geocentric to the heliocentric longitude could not be rigorously 
effected without a knowledge of the error of radius vector; hut this was 
altogether uncertain. He now had recourse to the errors in geocentric lon¬ 
gitude, which could he readily computed without a knowledge of the errors 
of either of the heliocentric co-ordinates, and were, therefore, deducible with 
equal accuracy from all the observations. In the first part of his researches 
he had carefully computed the errors in geocentric longitude correspond¬ 
ing to two hundred and seventy-nine observations of the planet. How the 
analytical e.tpression for these errors contained the nine unknown quan¬ 
tities of the problem. Putting it, therefore, equal to each numerical error 
in succession, Le Terrier formed two hundred and seventy-nine equations 
of condition, and by means of these he proposed to obtain the solution of 
the problem. With this view he grouped them into thirty-three mean 
equations, twenty-six of which depended on the modern observations of 
Uranus, and the remaining seven on those made previous to its recogni¬ 
tion as a planet in ITSl. He eliminated without difficulty six of the un¬ 
known quantities in terms of the three others, these last being the mass 
of the disturbing planet, and the corrections to the epoch and the mean 
distance. Pursuing a process which it would be out of place to attempt 
explaining here, he formed three final equations, involving these three 
quantities, and then determined their values by successive approximation. 
This object being once accomplished, it w^as easy for him to obtain tb© 
values^ of the other six quantities which he had first eliminated. Tlio 
following are the results relative to the disturbing planet at which he 
finally arrived:— 


Semi-axis of the orbit 
Sidereal revolution . . ' . 

Eccentricity .... 
Longitude of the perihelion 
Mean longitude, 1st January, 1847 
Mass ..... 


86.154 

a 17.387 years. 
0.10761 
284° 45' 

318" 47' 

ff O 


True heliocentric longitude, 1st Jan., 1847 326" 83' 

Distance from the sun . . . , 33.06 

Ha^ng determined the precise position of the disturbing planet, hy 
assuming that the observations of Uranus were rigorously accurate, Le 
erner next proceeded to iuvestigate the limits within which it must be 
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included, allowing each, of the observations to be affected with an error as 
great as could possibly be due to it. He found that the mean distance 
could not be greater than 37.90, nor less than 35.04, and hence he con¬ 
cluded that the linaits of the periodic time were 207 years and 233 years. 
Adopting a given value of the mean distance, and supposing all the other 
elements to vary, he found that the recorded positions of Uranus might 
still be represented within the limits assigned by the errors of observation. 
At length the error in one of the positions having become equal to the 
greatest possible value assigned to the error of observation, the values of 
the elements were henceforth restricted by the condition that the error in 
this position should retain its maximum value, and the locus of the 
disturbing planet for the 1st January, 1847, corresponding to tho differ¬ 
ent systems of elements derived from this hypothesis, was a coutinxrous 
curve. By continuing the variation of the elements, tho error in 
another of the positions became as great as possible, and, the values 
of the elements being henceforth restricted by it, the locus of the 
planet was transformed into a different curve. Proceeding in this manner, 
he Verrier found that the space within which tlie planet must he included, 
corresponding to the assumed value of tlie mean distance, was a curvilinear 
polygon whose sides were discontinuous, and for diflerent vidues of the 
mean distance he obtained different polygons. Tbo amplitude of tho 
polygons diminished as the value of the mean distance ajxproiichod its ex¬ 
treme limits, and when it actually attained either of them tho polygon l>e- 
came a point. This circumstance indicated that there was only one posi¬ 
tion of the planet that could satisfy the observations. When a suffleient 
number of such polygons was constructed, they iniglit then be all cir¬ 
cumscribed by one continuous curve, and tangents drawn to it w'ould 
necessarily include the disturbing planet. JLe Verrier found that tbo 
longitude of the tangent, drawn from the sun to the east side of tbo 
bounding curve, was 321", whence, as he had already obtained 32r)" 32' 
for tho most precise value of tho planet’s longitude, i(. followed that tho 
space to be explored in this direction extended only to ul)ox\t 5.V. I’lio 
western limit was much more remote from llic prcjcise longitude., hut ho 
remarked that its amplitude rniglit ho redu{*e<l considorably by a.ssigiung 
a probable limit to the eccentricity. Assuming that tlio vtiliio of tho 
eccentricity did not exceed .125, he obtained 335" for tlio limiting longi¬ 
tude in this direction. He also found that tlio value of the mass could 


not be greater than -.iVik)* than 

We have mentioned that Le Verrier assigned 326" 32' as the true helio¬ 
centric longitude of the distui'bing jda.net on the 1st January, 1817. Tins 
determination, to use liis own words, jilaced the planet aliout 5” to tho 
east of the star ^ of Capricorn. Only twelve days bad elapsed since it 
was in ojiposition, and on this account strong hopes were entertained by 
liim that astronomers might succeed in discovering it before it plunged 
again into the rays of the sun. With the. view of directing attention more 
strongly to this point, be made some interesting remarks relative to tho 
apparent magnitude and visibility of the planeb. The apparent magnitude 
depends on the volume of the body and its distance from the sun. Tho 
volume, again, is deducible from the mass and density. Now, ho hud 
already found that the mass of the planet was two and a half tiin<!s gi'eater 
than that of Uranus. There remained, thoreforo, only tho density to bo 
ascertained. He had no established jorinciples to guide him iu coining to 
a conclusion on this point, and therefore ho ivas compelled to have re- 
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course to analogy. Now it appears, from a comparison of tlio 
sS?8 of tS vaSus planets, that, in general, the density is less « 

as the planet is more distant from the sun. Le Verrier asHunuul tlif_ - 
density of the new planet was equal to the density of IJranuH. , 
pothers was manifestly less favourable to its visibility than if hn 
Lsumed, a.ccordmg to the strict suggestions of analogy, that the ‘^****‘‘;**> 
was somewhat less than that of XTranus. Knowing the density niui n 
mass, he obtained the volume, and finally, by means of the latt ei niul i n- 
distance from the sun, which he had found to he equal to tbu’t 

times the earth’s distance, he determined the apparent nmgnitndo or tins 

planet In this manner he found, that at the instant of oppoHitnui it 
would subtend an angle of S".S; and, considering in connexion with thi« 
fact the light which it would be capable of reflecting, ho coindiiihMl ilmf it 
would not only be visible in good telescopes, but that it would be di.stin- 
guishable from the fixed stars by its disc. *‘This,” he remarked,^ “ in ii 
very impoitant point. If the object of discovery is liable to be i-onlotuided 
with the fixed stars, it will be necessary, in order to distinguish it from 
them, to observe all the small stars situated in the region of the heavoiis 
assigned for examination, and to establish in one of them a {iroper intUioii. 
This would be a long and troublesome operation. But, on tlni otlim* hand, 
if the planet has a disc of sufficient amplitude to prevent i(. from hoing 
confounded with the stars ; if we may substitute, instead of a rigc»r<uin <i«* 
termination of all the luminous points, the simple study of their phyniral 
appearance, the search will proceed with greater rapidity. ” 

The elaborate chai’acter of Le Verrier’s researche.s, and the eonlidcm'** 
with which he predicted the discovery of the planet, was cal(;uliit<Ml to pro» 
duce a strong impression on the minds of astronomers. T.'his nuiiark ap¬ 
plies more especially to those who were cognizant of the KimultniHMuw re¬ 
searches of Mr. Adams, and.who could appreciate the probability in fiivuur 
of a result in Physical Astronomy that had been deduced from two inde¬ 
pendent investigations. The existence of a Trans-TJraniau planet np* 
^ared now to such astronomers to be placed beyond all doubt, aiitf its net uul 
discovery was expected to be not very distant. It was under the iiujiression 
of the near approa.ch of this great event that Sir John Hor.schel u.sefl the 
follovTing memorable words in an address to the British Assoeiation. at 
Southampton, on the 10th September, 1846 The past year ban given 
to us the new planet Astrea; it has done more, it has given tiH the 

pother. We see it as Columbus saw America iV.itii 
movements have been felt trembling along tin* 
temon^StiouJ’V " certainty hardly inferior t<. oeubir 

Before proceeding further with our account, it may not he out of i>bu-.. 

babU ebaxacter, had coma to the coilusion tto thTpSt 

i 3rd OctoErS.'’^ 237- 
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sensible disc. Tlie apparent diameter, however, wlaich lie assigned to it 
was so extremely small that it was manifest only the most powerful tele¬ 
scopes would suffice to distinguish it from the fictitious discs exhibited by 
the fixed stars. The probability, therefore, of discovering the planet by 
its physical appearance was confined to a limited nurnber of European 
Observatories. With, respect to the method of discovering the planet by 
its proper motion, the use of the telescope in this case is mainly to render 
the star visible as a luminous point, and, in consequence, it is more gene¬ 
rally practicable than the method just referred to. On the other hand, 
the operation of carrying it into effect is extremely laborious, unless the 
astronomer already possesses a map of the region of the heavens which 
he purposes to examine, including all the stars down to the magnitude of 
the body he is in search of. With such a guide, however, nothing can be 
more simple than to ascertain whether the region which he is engaged in 
exploring can possibly afford any indication of the planet. For this pur¬ 
pose the astronomer has only to compare the actual appearance of the 
heavens on any night with the map. Tf the stars in both cases corresj)ond, 
it follows that no change lias occurred since the construction of the map, 
and, as all the objects whose positions were recorded must in consequence 
have been of a stellar nature, the comparison of the heavens with the 
map cannot afford any clue to the e.xistence of a planet. If, liowever, tho 
map contains a star which is not in the lieavens, it is clear that the miss¬ 
ing star must have been a planet which wandered out of the region under 
examination during the period that elapsed since the construction of the 
map, and its discoveiy may be expected to result from a cai'cful scrutiny of 
the heavens in the vicinity of the stars designated on the map. On the 
other hand, if a star appear in the heavens which is not contained in the 
map, it clearly indicates the entrance of a planet into the designated re¬ 
gion subsequently to the construction of the map. In order to conduct a 
search for the Trans-Uranian planet after this niannor, it was necessary to 
possess a map on whicli were designated all (be stars in tho part of tlio 
heavens as.signed for examination, down to the tenth order of niagnitudo 
inclusive. No such map» had liitherto been executed for the region compre¬ 
hending tlie theoretical locus of tlie planet, and tlio only method of s<',a.rtd» 
wliicli I’eniained to be adopted was that already in course of being carried 
into effect; by Professor Ghallis, and which was indeed tantanuount to tlio 
actual construction of a map. 

On the 18th September Le Verrier addressed a letter to tho astrono¬ 
mers of the Berlin Observatory, announcing to them the result of his re¬ 
searches, and requesting their co-operation in seartdiing for the planet. By 
a singular instance of good fortune tlie Ilerlin astronomers possessed an 
advantage in effecting this seareli vvhicli was not yet available to the other 
astronomers of Europe. Ii’or some years past a series of star niaj)B liad 
been in course of publication, under the auspices of the llerlin Academy of 
Sciences, comprehending different portions of the region of tlio lu.'savenH 
which extends 15'* on each side of the equator, and designating the posi¬ 
tions of all stars down to the tenth magnitude *. Just as tho accounts re¬ 
specting Lo Verrier’s researches reached Berlin, the map of Mora XNl., 
the part of the heavens containing the theoretical j)laoe of iiie phuirn.— 
which had been executed with great care by Dr. Brorniker—was <‘iigru.v<'d 

• Many astronomers in other conntrie.s of Kiiropc^, as well as (iorinaiiy, lia\'<' lout tljoir 
aid in the eonstmotion of the.se ina|>.s. Cine of them vviis executed liy I ll'. I lu.ssey, the 
astronomer to whom allusion hun been n>a<le at tlie bcgiiniiiij.r of this chajiter- 
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and putlislied- Tlae Berlin, astronomers received Be Verriers letter on 
the S3rd September. On the same evening Dr. Oalle compared the 
appearance of the heavens with the map, and found that the latter did not 
contain a star of the eighth magnitude which was situate very near the place 
indicated hy Be 'V’errier as the locus of the disturbing body. The observa¬ 
tions of the following evening decided that this was the Trans-XJranian 
planet. It was then retrograding with a daily motion in right ascension 
amounting to 63'''. The following is a comparison of the results of obser¬ 
vation and theory. 


Observed Right Ascension 33rd September, 13^ O'” 1 6® 
M. T. Berlin , . ' . 

Observed Declination South . . . - - 


33S" 19'16" 
13” 34' 8"-a 


Whence— 

G-eocentric Bongitude 
Parallax of the Orbit 


325'> 53' 
V 4' 


True HEeliocentrio Bongitude . . . . • 836® 67' 

Bongitude for the same instant, assigned by Be Ter¬ 
rier’s theory , . . . . . . 336® 0' 

Difference between Observation and Theory . . 57' 

Thus it appears that the place assigned by Be Terrier to the disturbing 
body did not differ hy so much as one degree from its actual place as in¬ 
dicated by observation. Nor was the agreement less striMng with respect 
to the apparent diameter of the planet. Be Terrier had predicted that it 
would he equal to 3".3 ; the micrometrical observations of the Berlin 
astronomers gave 3" as the real value. 

The accounts of the discovery of the Trans-Uranian planet were re¬ 
ceived with admiration and delight hy all who felt any interest in the 
cause of science, and the name of Be Terrier was henceforth associated 
with those iHnstrions philosophers who have stamped the age in which 
they lived with the impress of their genius. We shall now give a brief 
account of the labours of Professor Ohallis, who had undertaken a very 
laborious examination of the heavens in search of the planet. We have 
mentioned that he commenced his observations on the 29th duly. His plan 
was to divide the region to he explored into zones of 9' in declination, this 
being the breadth of the field of view of the telescope when a magnifying 
power of 166 was employed, and to note the positions of all the stars in 
each zone down to the eleventh magnitude. On the 4th August his obser¬ 
vations were made wholly in declination, for the purpose of obtaining a 
number of stars as reference points. On the 12th of the same month he 
noted the positions of all the stars in a zone which he had already ex¬ 
amined on the 30th July. He compared to a certain extent the observa¬ 
tions of the two evenings, and, having discovered their complete accord¬ 
ance, he felt assured that his method of search might be relied upon. He 
continued his observations throughout the months of August and September. 
On the 1st October he was made acquainted with the discovery of the planet 
by Galle. He had then recorded the positions of 3150 stars, and was making 
preparations to map them. The necessity for this operation having ceased, 
he proceeded to discuss the observations, with the view of ascertaining 
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whether they bad secured the discovery of the planet. Having resumed 
the comparison of the observations of the 30th July and the 12th August, 
which both related to the same zone, he found that a star, marlced No. 49 
in the series of the 12th August, was wanting in the series of the SOth 
July. It followed, as a necessary consequence, that this was the planet: 
it had wandered into the zone during the period that elapsed between the 
two observations. He also easily ascertained, by means of the observation 
of the 12th August, that the planet was included in the stars observed as 
reference points on the 4tb of the same month-i'-. Thus, although the 12th 
August was only the fourtli day of observing, two positions of the planet 
were already secured. “ This is entirely to be attributed,” says Professor 
Cballis, “ to my having on those days directed the telescope towards the 
planet’s theoretical place, according to instructions given in a paper Mr. 
Adams had the kindness to draw up for me.”t 

It is a remarkable fact that before receiving intelligence of the discoveiy 
of the planet by Galle, Professor Challis had also obtained a position of 
the planet by pursuing the plan of observation recommended by Pe'Verrier. 
On the 29til September he i*eceived tlie Comptes Merulus for the 81st 
August, containing the account of that geometer’s researches on the 
hypothetic planet. Struck with the author’s conclusions I'olativc to the 
limits of the phuiet’s position and the magnitude of its disk, he resolved 
to attempt the discov'ery of the body by means of its physical appearance. 
He possessed an advantage in prosecuting a search of this kind which few 
astronomers enjoyed in au equal degree, from having at his command tlie 
magnificent equatorial belonging to the Observatory. On the evening of 
the 29th September he examined a zone comprised between the limits of 
right| ascension, within which Pe ‘V'erriei’ had fixed the position of the 
planet. Among 300 stars which passed through the field of view of his 
telescope, one especially’- attracted liis attention by its disk. This proved 
to be the planet; it shone with tho lustre of a star of tlio eiglith magnitude. 

The search commenced by Professor Challis on the 20th July, and 
jirosecntcd witli so much energy’' and perseverance during tlie two billow 
iug montlis, is deserving of attention, both on uccouut of its forming the 
only systematic attempt to detect the pdanot that hail been made previous 
to the evening of its actual discovciy, as well as on acconot of tho results 
which were obtained by the subsequent discussion of the observations. It 
appears that not only was tlie theoretical discovery of tlie planet first ellected 
at Cambridge, but two positions of it wore also secured at the same pilaeo 
six weeks before a telescopic was directed to the licavens in searcli of it at 
any otlicr observatory in Europo. In esLiniating how nearly Professor 
Cliallis liad arrived at the actual discovery of the pilaiiot, it must be borne 
ill mind tliat the contonijilated searcli for it exteiulod only to a definite 
region of the lieavens, and that it would have been coinpilcted within a 
dclinite lapise of time. AVhoii tlie observations came to bo discussed, tho 
discovery of the pilanet \vould infallibly have resulted from a comparison 
of tho obsorvation of tlie 80lli July with that of the 12th August. 

The earliest announcement of Mr. Adams’ researches through tho 


TIic following are the posifions of the planet iu x-lght ascension iiiul iloeliiiation, ;is 
iisaigned l)j tluise observations : — 

M.T. Oreenwieh. higlit Asecnsioii. North 
August 4 . . 2(}'“ . . 2i'‘ oS'" M'.70 . . lO'i 

„ 12 . . 18 8 2(J . . 21 f>7 2(>.in . . 108 

i‘ Ivcporl to the tSymliciitc of the Universily of CiunlM itlgo. 


’olar ilisl.'iuee 
. 57 ' 8 ‘ 2".2 
O 


o 


*.> 
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medium of th.e press was contained in a letter from Sir Joliii Hcrscliel to 
th.e editor of tlie ^thencsum, wliicb. appeared in tlie number of tliat 
Journal for tbe 8rd October, 1846. The illustrious philosopher, after 
referring to the words he used at the meeting of the^ Ilritish Association 
held at Southampton in the previous month, relative to tlie^ probable 
existence of a planet exterior to Uranus and the prospect of its speedy 
discoYary l3y tlie aid of analysis, rexnatkad tliat lio would not have expressed 
himself in such confident terms on that occasion if he had not been already 
aware that IMr. Adams, a young mathematician of Oanibridgo, had beon 
prosecuting researches similar to those in which M. Le Verrier was 
engaged, but at the same time totally independent ot them, and had 
• arrived at results respecting the actual position ol the di&tuibing body 
which almost coincided with those deduced by the French geometer 
This announcement was followed by a letter from Professor Cbalhs, winch 
appeared in the AthencBum of the ITth of tlie same month. The writer 
gave a brief account of Idr. Adams’ labours and of the systematic search 
which had been undertaken at Cambridge with the object of discovering 
the planet by its zodiacal motion. He also stated that the observations had 
been discussed, subsequently to the actual discovery of the iilanct, at Berlin, 
whence it was found that the discovery of the disturbing body had been 
secured hy means of the observations of the 30th July and l^th o.t August. 
He concluded by intimating that the details of Mr. Adams’ researches 
would shortly be published. The statements of Sir John Hcrschol and 
Professor Challis w^ere corroborated at the same time by Mr. Airy in a 
letter addressed to M. Le Verrier. 

In France the announcement of Mr. Adams’ researchos on tlie Pertur¬ 
bations of Uranus gave rise to a strong manifestation ol national fooling. 
Nor can it be denied that tbe occasion chosen for preferring the olainis of 
the English mathematician was unfavourable to tlieir ready rtuioptioii in 
that country. Amid the universal applause so justly excited by tho 
brilliant researches of M. Le Verrier, it could hardly bo e.xpcctod that the 
announcement of similar researches prosecuted independently of them in. 
another country, terminating in similar results, and thorofovo claiming by 
implication an equal degree of credit, would bo received witliont some 
degree of reluctance, or discussed witli a total absence of passion, by a 
people especially sensitive on points of national gloiy. But nltlioiigh tliis 
circumstance may account for the absurd violence with wliicdi a portion of 
the French press assailed the eminent astronomers who lir.st announced 
the labours of Mr. Adams, it does not by any means c-Kplain, far less 
does it justify, the ungenerous aspersions tlmtAvero cast upon the researches 
of the English geometer—while tho means of ascertaining their real 
character had not yet been laid before the public—by persons whose 
position ill the scientilic ivorkl ought to have served as a gun.runt.ee fur 
greater discretion. It was at once assumed tliat Mr. Adams’ solution of 
the inverse problem of perturbation was a crude essay which (‘ould not 
endure the test of rigorous examination, and it was urged with equal 
precipitancy, that as his researches had not boon duly publislK.ul, it would 
be impossible to establish their claim to originality. (.>n the otlicr hand, 
as their merits were attested by the lirst astronomers of England, it was 

* Sir John Herschel was present at the meeting of the Board of Visitors, held at the 
Observatory of Greenwich on the 29th June, 184G (sec p. 184), when Mr. Airy gave an 
account of the researches of Messrs. Adams and Le Verrier. 
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obvious that they could not be treated •with indifference. Under such 
circumstances the course obviously suggested by a due regard to the sacred 
claims of right and the dignity of science, would have been to suspend 
judgment on the question altogether, pending the publication of Mr. 
Adams’ researches which were announced as speedily forthcoming. M. 
Arago, actuated, beyond doubt, by a laudable desire to defend the rights of 
his countryman from what he conceived to be an unjustifiable aggression, 
took a different view of the matter, and at once undertook a critical 
examination of the merits of Mr. Adams in regard to the theoretical 
discovery of the Trans-Uranian planet. The paper which he drew up on 
this occasion is inserted in the Comptes JEtendus for the 19th October, 
1846=^. We shall not here make any allusion to the assumptions which M. 
Arago so unwarrantably employs in the absence of acknowledged facts, 
with the view of preserving the consistency of his reasoning. Their 
fallacy was effectually exposed a few weeks afterwards, ■without any contro¬ 
versy, by the publication of the admirable researches of Mr. Adams, and of 
the important mass of documentary correspondence in the possession of 
Mr. Airy, relative to the discovery of the planet. We shall merely 
make a few remarks on the main principle laid down by him, and the 
conclusion which he seeks to draw from it. He assumes, as the basis 

* This paper contains a view of certain communications of Professor Challis which 
tends at first appearance to lead to a conclusion totally inconsistent with the i*eal state¬ 
ments of the English astronomer. M. Arago asserts that Professor Challis, writing to him 
on the subject of the planet, uses the following words :—“ I became acquainted on the 29th 
September with the final researches of M. JLe Verrier; I conformed strictly to the sug¬ 
gestions of that astronomer, and confined my search within the limits assigned by him." 
He then remarks that Professor Challis in his letter to the ^ihenceum, announces 
that he was guided in his search for the planet by a paper which Mr. Adams drew 
up for him. Having placed these two appai'ently contradictory statements in juxta¬ 
position, M. Arago simply contents himself with the following comment upon them: 

“ I will not seek to reconcile these two versions. I will leave to Mr. Challis the task of 
explaining how the name of Adams, which did not figure in his first communication, is 
become so prominent in his second.” Now, what arc the real facts of the case ? In the 
Comptes Rendus, tome xxiii. p. 764, there appears a letter from Professor Challis to M. 
Arago, dated the 5th October, 1846, in which the writer gives an account of his search 
for the planet with the Northumberland telescope, and mentions his having detected it 
by its disk on the evening of the 29th September. In this letter he alludes to M. Le 
Verrier in the terms quoted by M. Arago as above stated. Again, in a letter to the editor 
of the Aihenceuni, dated the i5th October, 1846, (see Jkthencmmi, October 17,) Professor 
Challis gives an account of the laborious search undertaken by him, having for its object 
to detect the planet by its zodiacal motion. In this letter he states that he was guided in 
his search by a paper which Mr. Adams drew up for him; that he commenced his obser¬ 
vations on the 29th July; and that a comparison of the observations of the 30th July 
and 12th of August, instituted subsequently to the receipt of tlie accounts of Galle’s dis¬ 
covery, shewed him that he had secui’cd the planet. The reader will at once perceive 
from the foregoing statements that the tv?o communications of Pi'ofessor Challis referred 
to two distinct modes of search prosecuted on two distinct occasions. In his letter to M. 
Arago he mentions the result of observations pursued with the view of detecting the 
planet by its physical aspect, professing to have been guided by the instructions of M. Le 
Verrier. In his letter to the Athenceum he communicates the result of observations 
anterior to the preceding that had been made with the view of discovering the planet by 
its zodiacal motion, asserting to have been guided on this occasion by Mr. Adams. It 
was impossible that the instructions contained in M. Le Verrier’s paper of the 31st 
August, and first made known to Professor Challis on the 29th September, could have 
been of any service to that astronomer in a search for the jjlanet prosecuted by him in tlie 
beginning of the former of these months. A mind much less acute than M. Arago’s will, 
therefore, see no inconsistency in the two pass.ages which that illustrious philosopher 
appears to despair of i-econciling together. How justly may we remark in his own words, 
“ L’ amitid est souvent aveugle, et so laisse fasciner. ” 
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of liis tliftfc tliG only xRtioiiul mode of writing tlie liistoi'y of trb.6 

sciences is to rely exclusi\oly on ^)iil)licatioiis, tlie dates of wiiicli are well 
ascertained, mid li© _ licnco injfcrB that 3V[r. Adams lias no riglit to be 
mentioned, in connexion witli tbo discovery of tlio X’raiis-XJrauian planet, 
either by a detailed citation, or by any allusion whatever. It will at once 
occur to tbe reader tliat tlic force of this proposition depends entirely on 
the precise meaning apxiliod to the term pwWicatiow. If it be restricted 
to pTvnted doomnents, wo conceive that tbo jirinciple advanced by I VT . 
Arago is totally untenable, and tliat^ it essentially vitiates any conclusion 
that may be derived from it. lo limit the test of decision in disputed 
q^uestions of scientific discovery to such a s^iecies of evidence would be at 
once repugnant to reason and at variance with the common practice of 
mankind in all ages. Are coininuiiications transmitted to learned societies, 
or documents of an anthoutio cbaractcr, addressed to persons of acknow¬ 
ledged prohity and occux>ying ollicial xiositions, to be set at nought as so 
much waste paper, merely bocaiiso they have not passed through the 
ordeal of the printing / I’o admit such a monstrous proxiosition 

would be striking at the root of those unalterable princixoles of common 
sense upon which our xirimary notions of evidence are founded, and to 
introduce in their stead an arbitrary standard of decision which, so far from 
defining clearly the rights of rival claims, would itself ^perpetually form the 
subject of acrimonious controversy. Wo have no reason however to sup¬ 
pose that the illustrious xphilosoxdior, who drew up the paper in question, 
was really of opinion that the evidence whicli could he of any utility in 
establishing claims to scientific research rested on so narrow a basis. On 
the contrary, we are disposed to infer from the acknowledged acuteness of 
his discriminating powers, and his enlightened zeal in the cause of truth, 
that his sentiments as above cxi^rossed, demand a more liberal interpre¬ 
tation, and that in the present instanco, had he been in j>ossession of all 
the facts relating to the disputed question, he would have arrived at a 
conclusion more consistent with reason and justice than that to which he 
was conducted by the imperfect statements then accessible to him 

The question of Mr. Adams’ merits in connexion with the theoretical 
discovery of the planet exterior to Uranus, was soon placed in a clear light. 
On the 13th of Kovember, 1846, a jmper was read by Mr. Airy before the 
Astronomical Society, entitled “ An Historical Statement of Circumstances 
connected with tlio 1 )ist*overy of Iho Planet beyond Uranus.” This 
v'aluable communication, htisiclcs coutaiiiing a large mass of interesting 
materials bearing more or h'ss on the discovery of the j)lanet, exhibits, in 
one unbroken chain of corrcsxioudeiicc, the progress of Mr. Adams’ 
researches, from the date of Professor Cliallis’ first letter to tho Astronomer 
Royal on the stibjoct iii Rebrunry, 1844, down to the acknowledgment at 
Greenwich of Mr. Adams’ paper, dated the 2 iid September, 1846. Tim 
independent character of Mr. Adams’ researches was now placed beyond 
all doubt or oquivocaliou, and his claims to tho theoretical discovery of 
the iplanet establislied on the iucontrovcrtiblo evidence of authentic docu¬ 
ments. Mr. Adams’ hlomoir on the Perturbations of Uranus was read 
before the Astronomical Society on tho same day on which Mr. Airy 
communicated his statemoni, and was subsequently pjublished in the 
sixteenth volume of tho Memoirs of the Society, and also in tho ISTauPical 

* Sec in couwexion with tbeso remarks tho note at (ho foot of page 214, in the next 
chapter. 
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Almanac for 1850. If anytliing was wanted to complete the vindication 
of Mr. Adams’ claims, it was amply supplied hy this Memoir. Apart from 
all consideration of the brilliancy of the final result in relation to the 
planetary system, it exhibits an admirable specimen of the application of 
analysis to one of the most difficult subjects of physical astronomy, being 
planned with a sagacious appreciation of the difficulties peculiar to such 
abstruse researches, and pursued throughout its details with exquisite 
mathematical skill. 

The impression produced by the communication of Mr. Airy to the 
Astronomical Society was such as always naturally ensues when truth is 
presented in the form of a plain statement of facts, stripped of all ingenuity 
of reasoning or flourish of rhetoric, and relying for acceptance solely on 
the authenticity and innate strength of the evidence by which it is sup¬ 
ported. The most illustrious philosophers, of Europe, while justly acknow¬ 
ledging the originality and brilliancy of M. Ee 'V’erriei'“’s researches on the 
perturbations of Uranus, have cordially concurred in awarding a similar 
tribute to Mr. Adams, and the names of both these geometers are now 
imperishably associated with the theoretical discovery of the planet by 
which these perturbations were produced. 

It has been asserted that as M. Ee Verrier’s researches alone were 
instrumental in leading to the actual discovery of the planet by. Galle, 
Mr. Adams, whose labours exercised no influence on the observations of 
the German astronomer, cannot justly be placed in so liigh a position, as 
his illustrious contemporary. This opinion we imagine to have originated 
in an imperfect discrimination of the respective functions of the geometer 
and the observer. The geometer, relying upon the firmly-established 
principles of the theory of gravitation, recognises in the irregularities of 
one of the planets unequivocal evidence of the existence of an unseen 
member of the solar system, and, by a successful application of analysis, 
he arrives at a knowledge of its position. The observer, guided by the 
instructions of the geometer, searches the heavens, and succeeds in dis¬ 
covering optically what the geometer had previously discovered theoretically. 
Each has his peculiar duties, totally distinct from those of the other; and 
we should be acting in opposition to the plainest maxims of justice by 
ascribing to the one any credit on account of duties performed by the 
other. The bclat which so justly surrounds the optical discovery of the 
Trans-Ui-anian planet must be shared severally by the Berlin Academy of 
Sciences under whose auspices the charts of the zodiac have been con¬ 
structed, by Er. Bremiker who so skilfully designated the region of the 
heavens in which the planet was moving, and by Dr. Galle, who so 
promptly availed himself of the publication of Dr. Bremiker’s chart. If 
we would look for the I’eal grounds of M. Le Verrier’s renown, w'e must 
abandon the glorious spectacle of the heavens and enter the solitary 
chamber of the geometer. It is there that he justly becomes the object of 
our admiration, as he advances step by step along the intricate maze of 
his researches, vanquishing each successive difficulty by the ready re¬ 
sources of his genius, and cheerfully executing calculations which are 
almost appalling to contemplate ; until a bright flood of light is finally 
diffused over his labours, and the distant member of our system, wbicli 
human eye has not yet seen, discloses itself to his purely intellectual scru¬ 
tinies with all the certainty of demonstrative reasoning. If this be the 
just view of M. Ee Verrier’s labours in relation to the discovery of the 
Trans-Uranian planet, we are then constrained b}'' parity of reasoning to 
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take a similar view of tlie equally admirable labours of Mr. Adams. Nor 
oau the award of equal merit be withheld, on the ground that Mr. Adams 
reserved the secret of his researches to himself, while M. Xjg Verrier 
openly promulgated his results to the world, and thereby put astronomers 
in. possession of the means of actually discovering the planet. This 
objection is untenable, for the simple reason that it is directly at variance 
with acknowledged facts. Mi”. Adams communicated his results to two of 
the most influential astronomers of England, whose co-operation, as we 
have already had occasion to remark, suffi.ced to secure the optical dis¬ 
covery of the planet. That the laborious search undertaken at Cambridge 
was anticipated as regards the final result by the more simple procedure 
adopted at Berlin, cannot, without a flagrant violation of the rules of jus¬ 
tice, be considered derogatory to the merits of Mr. Adams. It was suf¬ 
ficient that he had communicated his results to competent astronomers. 
It would be totally inconsistent with reason to hold his fame responsible 
for any ulterior proceedings. We have already mentioned the peculiar 
advantage enjoyed by the Berlin astronomers in searching for the planet. 
If a similar facility of search had been accessible at the Observatory of 
Cambridge, it is admitted by all persons that the planet could not fail to 
have been first discovered thereThis is a question, however, which 
concerns Professor Challis, but does not, in the remotest degree, affect the 
purely theoretical labours of Mr. Adams. 

We have heen induced to submit to the reader the foregoing remarks, 
because we conceive that the hrilliaut result achieved by the Berlin astro¬ 
nomers has had a tendency to foster erroneous ideas relative to the merits 
of the various persons, whether mathematujians or astronomers, whoso 
labours have been more or less associated with the discovery of the Trans- 
XJranian planet. It is only, however, by persisting to confound things 
totally dissimilar in their nature, that any such notions can retain a per¬ 
manent hold on the mind. 

Soon after the discovery of the planet, an attempt was made in this 
country to exhibit in an unfavourable light the conduct of the astronomers 
to whom Mr. Adams had communicated his results towards the close of 
the year 1845. They were charged in vehement terms with lukewarm¬ 
ness in the cause of science, as well as indifference to the honour of tho 
, country and the reputation of Mr. Adams, on the ground that they did not 
institute an immediate search for the planet which theory had indicated 
so clearly to exist. It was alleged that the execution of this task de¬ 
volved more especially upon them, inasmuch as they were the official 
astronomers of the country, and that, by neglecting to carry into effect ilio 
proposed search, time was allowed for a rival to step into the field and to 
divide with Mr. Adams the honour attached to the theoretical discovery of 
the planet. 

_ It is hardly necessary to state that this accusation is the offsipring of in- 
discriminating zeal or personal prejudice, rather than the result of a dis¬ 
passionate examination of facts. We are confident that the simple perusal 
of the foregoing account will be amply sufficient to convince any unbiassed 
mind of the justness of this assertion. As, however, the charge is not desti¬ 
tute of plausibility, and as some of our readers, who have not bestowed 

Si M. Challis s’en fut servi (nne carte des etoiles) au lieu de suhTG uno marchcplus 
penible, il n’eut pas mauqud une decouverte qui echappa en pareille circonstauce ii Lc- 
monuier et A Lalande.”—Extract of a Letter from M. Valz to M. Arajjco, Co 7 ]mtes JRcndus, 
tome xxiv. p. 880. o » / 
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sufficient attention on the subject, may have been misled to some extent 
by this groundless clamour, we deem it not altogether out of place to sub¬ 
mit a few remarhs here in relation to it. We have not indeed the slightest 
doubt that if a diligent search of the heavens had been instituted in the 
month of Hovemher, 1845, it would have resulted in the discovery of the 
planet. But, while fully conceding this point, we are by no means pre¬ 
pared to admit that existing cix'cumstances would have warranted the im¬ 
mediate appropriation of the resources of any official Observatory to such 
an object. It must be borne in mind that Mr, Adams’ results were the 
fruits of the first solution of the problem of }planetary perturbation which 
the geometer, aided by analysis, had yet arrived at. It was reasonable 
then to suppose that the position of the planet was not assigned with a 
high degree of accuracy, and that, in order to secure its discovery, a con¬ 
siderable region of the heavens would require to be submitted to a careful 
examination. In carrying this operation, however, into effect, no aid could 
be derived from any previous labours in Uranography, since a star map 
had not yet been constructed for the part of the zodiac in which the planet 
was then moving. The search, therefore, could only be accomplished by 
the prosecution of an extensive course of observations, similar to that 
which Mr. Challis undertook in the following year. Under such circum¬ 
stances it was imperative on the part of the astronomer, charged with 
official duties, to exercise due discretion in selecting the most favourable 
period for devoting the resources at his disposal to a systematic search for 
the planet. This line of conduct was more especially prescribed in the 
present case, as two months had already elapsed since the planet was in 
opposition, and the chance of effecting its discovery before it was lost in 
the rays of the sun had in consequence considerably diminished. The sub¬ 
sequent history of the circumstances connected with the discovery of the 
planet confirm this view of the subject. Although M. Ue Verrier an¬ 
nounced the existence of the undiscovered body as early as the 1st June, 
1846, and confidently asserted, as the result of a careful analysis, that the 
error in the position he assigned to it did not exceed 10®, it does not ap¬ 
pear that a single telescope was directed to the heavens in search of the 
disturbing body at any Observatory on the Continent of Eui'op)e previous 
to the night of its actual discovery towards the close of the month of Sep¬ 
tember of the same year. Even at the Eoyal Observatory of Paris, which 
is under the direction of the illustrious philosopher who originally sug¬ 
gested to M. Le Terrier the subject of the perturbations of Uranus, and 
where it might have been expected that the remarkable results obtained by 
the geometer would have excited peculiar interest, no steps appear to have 
been taken towards tho actual discovery of the planet, although a month 
had elapsed between M. Le Terrier's announcement of his final results on 
the 31st August, 1840, and the receijrt of the intelligence from Berlin, 
containing the accounts of Galle’s discovery. That a search for the dis¬ 
turbing body would eventually have been undertaken at more than one 
Observatory is quite certain; but it was not the opinion of any astronomer, 
that without the aid of a star map, this object could be successfully accom¬ 
plished, except by an extensive and systematic course of observation. 
“ Had it not been for the infinitely favourable circumstance,” says M. Encko, 
“ of possessing a map whereon one might be sur(3 to find tbo positions of all 
the fixed stars down to the tenth magnitude, I do not tlunk that we should 
have found the planet.”These remarks will appear superfluous to those 


* Comptes Rondus, tome xxiii. p. 662. 
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wlio have any practical knowledge of astronomy. They are addressed 
especially to the general reader, who might he led by misrepresentation 
to form inaccurate views on the subject. Men of science have all been 
delighted and astonished that the planet was discovered so soon. Only 
those who make the cause of science subservient to the miserable grati¬ 
fication of personal feeling have sought to indulge in opprobrious language, 
because the discovery did not take place sooner. Such persons, true to 
their instincts, would have been the first to hold up to public ridicule the 
credulity of the planet hunters, and to raise the charge of a wasteful 
expenditure of the country’s resources, if the speedy discovery of the 
disturbing body had not indicated a different, though equally unjustifiable, 
ground of obloquy. 

It would be an invidious task to institute a comparison between the 
respective merits of Le Verrier and Adams in connexion'with the immortal 
discovery, of which we have endeavoured to give some account in the pre¬ 
ceding pages. We are of opinion that the labours of both these geometers 
are equally calculated to excite admiration. The annals of science do 
not contain a brighter page than that which records the progress of M. 
Le Verrier’s labours as he advances from the ill-defined irregularities of 
Uranus to the precise position of 'the undiscovered planet. The caro 
with which he scrutinizes every fact; the vigilance he exhibits in de¬ 
tecting every imaginable source of error, and the thorough manner in which 
he sifts all its parts; the ingenuity and conclusiveness of his methods, 
and his indomitable perseverance in calculation—^indicate, in a high degree, 
the possession of those qualities which constitute the main elements of 
success in all researches relating to the physico-mathematical sciences. 
Nor does a review of Mr. Adams’labours offer a less pleasing picture. We 
see "the obscure undergraduate, while his attention is yet distracted by the 
routine of academic discipline, seizing‘’with the happy intuition of genius the 
true theory of Uranus, and forming the bold resolution of tracing it to its 
final results. The cons'tancy with which he "afterwards struggles to effect 
this object, notwithstanding the manifest disadvantages of his position, is 
equalled only by the masterly character of his analytical researches and 
the brilliant termination to which he conducts them. It is gratifying to 
reflect that the labours of both Le Verrier and Adams, in connexion with 
the perturbations of Uranus, are so completely dissociated, that no danger 
of a mis-statement of facts can exist in the discussion of their relative 
merits. Differences of opinion on this last point will, no doubt, always 
prevail; but we are confident that future ages will concur with the present 
in awarding to each geometer the tribute of unqualified admiration. 

The discovery of the planet Neptune (for such is the name by which 
Astronomers have agreed to distinguish the Trans-Uranian member of 
the Solar System) marks an important epoch in the history of. physical 
astronomy. Hitherto the object of the geometer had been to unfold by a 
deductive process the principles of j)erturbative influence, and to explain 
by them the various phenomena of the jplanetary motions. It was only in 
the determination of the masses of the planets, and in assigning the ratios 
of their polar and equatorial axes, that the order of inquiry was reversed, 
and an accurate knowledge of the disturbing influence was sought to be 
established by reasoning upwards from its observed effects. In each of 
these cases, however, the equations of condition are of extreme simplicity, 
and the value of the final results is dependent much less upon the skill of 
the geometer than upon the accuracy of the fundamental observations. The 
idea of submitting to a similar treatment the problem of three bodies does 
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not appear to have occurred to any of the great geometers whose names are 
associated with the development of the theory of gravitation. Nor is this 
circumstance calculated to excite surprise, for the actual state of Physical 
Astronomy had not yet demanded such an advanced step. It was only 
when all the consequences resulting from the mutual action of the planets 
already known had been fully deduced, and the outstanding irregularities 
had assumed the form of residual phenomena depending on some foreign 
influence, that further speculation suggested the expediency of inverting 
the usual order of investigation. It is manifest from this circumstance, 
that the complete establishment of the formulae of planetary perturbation 
must have preceded any attempt to ascend from the effects produced by 
an unseen planet to the determination of its actual position. The accom¬ 
plishment of this latter object is therefore an indication of the highly- 
advanced state of physical astronomy, since it implies not only that the 
difficulties peculiar to the inverse problem of perturbation have been 
successfully overcome, but also that the irregularities occasioned by the 
mutual action of the planets have been deduced from the principles of the 
Newtonian theory, and have, in all instances, been found to accord with 
the results derived from observation. This remark does not, of course, 
apply to the planet which theory has recently revealed to us, since a con¬ 
siderable time must elapse before an accurate knowledge of the inequalities 
of its motion can be obtained. It will then be an interesting point to 
ascertain whether these inequalities do not in their turn afford indications 
of the existence of a still more remote member of the solar system. The 
astronomer is thus led to speculate on the theoretical discovery of planets, 
reflecting too feeble a light on account of their immense distance from the 
sun, to be ever visible, even by the aid of the most powerful telescopes. 
It is to be hoped, that notwithstanding the abundant harvest, which has 
been already reaped in Celestial Mechanics, that magnificent region is 
destined still to afford more profitable fields for the application of the re¬ 
sources of analysis than that which the imagination here suggests. 


CHAPTER XIII. 

The Elements of the Planet Neptune deduced from Observation.—They are found to be 

Discordant with the Results of Theory-The cause of Discordance assigned.—The 

Pianet observed by Lalande,—Theory of its Perturbations.—Researches on the Value 
of its Mass.— Uncertainty respecting this Element.—Researches of M. Hansen on the 
Lunar Theory.— Conclusion of the History of Physical Astronomy. 

As soon as astronomers received intelligence of the discovery of the Planet 
Neptune, the new member of the solar system wus regarded Avith intense 
interest, and accurate observations of it were made both in Eurox^e and 
America. When the elements of the orbit were calculated from these ob¬ 
servations, a comx)arison of the results with those assigned b^'' the theories 
of Le Verrier and Adams led to rather Tinexpectcd conclusions. Although 
the orbits assigned by these geometers to tlie disturbing planet did not 
differ materially from each other, they both, on the other hand, e.xhibited 
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a yery marked discordance ■with the real orbit, as indicated by observation. 
It was found that the orbit in -which the planet actually revolved was much 
smaller than either of those deduced from theory, and that, instead of being 
very eccentric, it approached very nearly to a circular form. The following 
are the elements calculated from observation by Mr. Walker of Washing¬ 
ton, U.S.: 

Mean distance ....... 30.03C3 

M. Tong. January I, 1847; M. T. Greenwich 338° 3^3' 44".30 
Eccentricity ....... .00871940 

Tong, of Perihelion . . . . . 47“ IS' 0".50 

Tong, of Ascending Node .... 130 4 SO .81 

Inclination , . . . . . 1 4058.97 


Mean Daily Motion ..... Sl".55448 

Periodic Time ..... 104.6181 trop. years. 

Elements of the planet’s orbit were also calculated by other astronomers, 
and the res-ults were found to agree very nearly with those above given. 
It appears that the mean distance, instead of being nearly double the 
mean distance of Uranus, amounts only to about two-thirds of it. The law 
of Bode, therefore, which is so remarkably applicable to the other mem¬ 
bers of the planetary system, totally fails in this case. The general 
discordance of the elements with those severally assigned by the two 
geometers who were led to the theoretical discovery of the planet, at first 
occasioned considerable surprise, and it was suspected that some difficulty 
would be experienced in rendering a satisfactory account of its origin. A 
little reflection, however, served to arrive at clearer views on the subject. 
In order that the reader may understand how elements so remote from the 
truth as those of Te Verrier and Adams, could have sufficed to effect the 
theoretical discovery of the planet, it is necessary to form a distinct con¬ 
ception of the nature of the problem, by the solution of which these geo¬ 
meters were conducted to tbeir respective results- The data of this 
problem were the observed perturbations of Uranus, and the main object 
to be accomplished was to determine the position in the zodiac occupied 
at any assigned instant by the disturbing body so as to arrive at its actual 
discovery. Now, the derangement occasioned in tbe motion of any planet 
by the action of another planet upon it depends on the intensity and 
direction of the disturbing force at each instant; and these again depend 
on the mass of the disturbing body, and on its distance and longitude with 
respect to the sun. It is manifest, therefore, that only those elements 
which will accurately assign, the distance and longitude of the disturbing 
body will render a complete account of the perturbations of Uraims. But 
if the values of the heliocentric co-ordinates should not be absolutely cor¬ 
rect, still, if they approach with tolerable approximation to the true values, 
it is not difficult to perceive that by a due adjustment of the mass, the 
intensity and direction of the disturbing force -will be represented with a 
corresponding degree of precision. Under such circumstances the anoma¬ 
lies of the disturbed planet will be accounted for with nearly as great 
fidelity as if the disturbing planet were in its tree place, for tlie error of 
perturbation is obviously of an order inferior to the error in the place of 
the disturbing body. Now, although it is impossible permanently to re¬ 
present, even, with tolerable accuracy, the heliocentric co-ordinates of a body 
revolving in an elliptic orbit by means of any elements which differ from 
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tlie true elements, still, ’vvlierL tlie question refers only to a section of the 
orbit, this object may be accomplished by employing indefinite combina¬ 
tions of elements, differing very considerably from each other. This will 
be readily understood when it is borne in mind that the theory of elliptic 
motion assigns four arbitrary constants, which may be modified in a variety 
of ways, so as to answer the purpose of mutual correction ; and that on 
account of the smallness of the arc described by the body, the outstanding 
errors, which inevitably exist in all such cases, are not allowed time to 
develops themselves to any serious extent. In the case of Neptune dis¬ 
turbing Uranus, the perturbations are sensible only a little before and 
after conjunction. Throughout the whole period embraced between 1690, 
the year of the earliest observation of Uranus, and the commencement of 
the present century, the action of the disturbing planet has been quite 
inappreciable; and consequently the tabular errors of Uranus for tliat 
period may be considered as wholly explicable by the errors of the elliptic 
elements. The last conjunction of the two planets took place in the year 
18S3, and the action of the disturbing planet was sensible only dui’ing 
about twenty years anterior to that event, and the same number of years 
subsequent to it. Tt is manifest, therefore, that any elements which will 
afford a pretty accurate representation of the heliocentric co-ordinates of 
Neptune during the j)resent century, will account with sufficient fidelity 
for the perturbations of Uranus during the same period. Conversely, if 
the perturbations are faithfully accounted for, we may conclude that the 
theory is capable of representing the co-ordinates of the disturbing planet 
with considerable precision, and that they may be employed with confidence 
for the purpose of its actual discovery. That the theories of Le Verrier 
and Adams were capable of so representing the co-ordinates of Neptune 
during the whole period when its action was sensible, may be seen from 
the following table, which exhibits the actual and theoretical values of the 
longitude and radius vector for the beginning of each of the years specified 
between the years 1800 and 1800 :— 



Planet Neptune. 

Theory of 

Tue Verrier. 

Theory of Adams 

1st Apx>roximation* 

£nd Approximation, 

Yofir- 

Longitude. 

Had. Yec. 

Longitude. 

Rad- Vec. 

Loxigitude. 

Rad. Vec. 

Longitude. 

Rad. Yee, 

1800 

1810 

1820 

1830 

1840 

1850 

1860 

226° 4' 
247 20 
268 52 
290 31 
312 17 
334 12 
356 14 

30.30 

30.28 

30.23 

30.55 

30.06 

29.96 

29.87 

231° 34' 
251 10 
271 28 
292 8 
312 36 
332 25 
351 17 

33.57 

3*2.80 

32.35 

32.29 

32.63 

33.32 

34.26 

236" 46' 
254 13 
273 11 
293 27 
314 30 
335 36 
356 1 

36.31 

34.75 

33.45 

32.56 

32.22 

82.48 

33.30 

238° 9' 
256 39 
276 5 
295 54 
316 10 
335 50 
854 39 

34.90 

33.92 

33.25 

32.96 

33.11 

33.67 

34.57 


* Mr. Adams’ theory is founded upon a method of successive approximation. A cer¬ 
tain value of the mean distance is first assumed, and by a comparison of the resulls 
calculated by its aid with those derived from observation, an indication is obtained of the 
direction in which the error in the mean distance lies, and also of its pi‘obabIe magnitude. 
The solution is then repeated with a new value of the mean distance, suggested by the 
original solution, and a further approximation is obtained. This is the method of 
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Tt is manifest that any two corresponding co-ordinates of either of the 
theories contained in the above table might have been employed with suc¬ 
cess in searching for the planet. Even twenty years before conjunction the 
error of its position as assigned by Adams’ first approximation amounts to 
little more than 3 0°, a quantity which falls considerably within the range of 
search proposed by the Astronomer Eoyal to Professor Ohallis, in the month 
of July, 1846. The reader will not fail to remark, that the longitudes are 
generally represented with greater accuracy than the distances. This cir¬ 
cumstance adniits of easy explanation. The intensity of the disturbing force 
in any given configuration of the two planets depends on the mass and dis¬ 
tance of the disturbing planet. Now, if the distance be made too great, 
the disturbing force will be enfeebled in a corresponding degree ; but this 
effect may be obviated by a suitable increase of the mass. This is pre¬ 
cisely what hap)pens in the theories of Ee Verrier and Adams. The dis¬ 
tances are all too great in both theories ; but, on the other hand, the mass 
in each case is considerably enlarged beyond its true value. The pertur¬ 
bations of Uranus may therefore be accounted for, in so far as the intensity 
of the disturbing force is concerned, even although the radius vector of the 
theoretical planet should be considerably erroneous. The mass, however, 
exercises no influence in determining the direction of the disturbing force; 
and if the latter element be erroneous to any great extent, the perturba¬ 
tion will be necessarily erroneous also, since it cannot derive compensation 
from any other source. Hence arises the necessity of a comparatively 
higher degree of accuracy in the representation of the longitudes of the 
theoretical planet. 

When the elements of Neptune were determined with a degree of pre¬ 
cision sufficient to enable astronomers to trace its motion through the 
anterior part of its orbit, attempts were made to ascertain whether it had 
been observed on any occasion previous to its discovery as a planet by Dr. 
Galle. It was soon found by Dr. Petersen, of Altona, and Mr. S. Walker, 
of Washington, thatJa star in the Histoire Celeste of Lalande,' observed 
May 10, 1795, and since missing, could be no other than the planet Nep¬ 
tune- The place of the star being marked doubtful, the Prench astrono¬ 
mers were induced to examine the original manuscripts of the Histoire 
Celeste^ which are deposited in the Boyal Observatory of Paris. An in¬ 
spection of the observation established the identity of the planet with the 
recorded star, and disclosed an additional fact of extreme interest. It 
appeared that the planet was also observed on the 8th May, 179.5, and 
that its right ascension and declination were regularly recorded, althou^di 
they were not subsequently inserted in the printed catalogue. The d?s- 
cordance of the two positions May 8-10, in a case where identity was 
looked for, beyond doubt suggested to Ee Francois Ealande a suspicion of 
the accuracy of his observations, and induced him to suppress altogether 
the observation of May 8. A comparison of the two observations 3early 

investigation generally employed in physical astronomy. In his first solution, Mr. Adams 
assumed that the mean distance of the hypothetic planet was equal to 38.4 ; in his second 
solution he made it 37.5 ; and in his communication to the Astronomer Royal, dated 
September % 1846, he stated, as the result of further discussion, that Sao’ would 
probably be a very near approximation. The actual mean distance in fact is 30.04. 
Thus we see that Mr. Adams was fairly on the track of the true orbit. The method 
employed by M. Le Verrier is of a more ambitious character, but, unfortunately, it is not 
adequate to meet all the difficulties of such abstruse enquiries, and in the present instance 
it had the effect of betraying M. Le Verrier into error with respect to the limits of the 
mean distance and the other elements of the orbit. 
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exhibits the retrograde motion of a planet, and assigns differences of 
right ascension and declination, agreeing almost exactly Avitb. those indi¬ 
cated by the motion of the planet Neptune. 

An examination of the mutual action of Uranus and Neptune illustrates 
some very interesting points in the theory of planetary perturbation. 
In consequence of the mean motion of the former of these planets being 
only a small fraction less than twice the mean motion of the latter, the 
perturbations which recur in every synodic revolution of the two planets, 
assume a resemblance to those Avhich tahe place in the theories of the 
first and second, and of the second and third satellites of Jupiter. This 
near commensurability of the mean motions, in fact, introduces into the 
orbit of each planet a considerable eccentricity,'dependent wholly on per¬ 
turbation, and distinguishable from the permanent eccentricity of the orbit 
by the constant coincidence of the line of apsides with the line of conjunc¬ 
tion of the two planets. In the case of Neptune disturbing Uranus, the 
aphelion^ of the movable ellipse is constantly turned towards the point of 
conjunction. On the other hand, when the action of Uranus upon Neptune 
is considered, it is the perihelion that is turned towards the same point. 
In another respect the perturbations of the two bodies resemble those of 
various other pi'imary members of the planetary system. The near com¬ 
mensurability of the mean motions, combined with the permanent eccen¬ 
tricities of the orbits, gives rise to an ineq[uality of long duration, similar 
to that in the theories of Jupiter and Saturn, or any of the other long 
inequalities to which we have had occasion to allude. The magnitude and 
duration of this inequality cannot be ascertained with precision until 
astronomers arrive at an accurate determination of the elements of the 
two planets. This remark applies more especially to the mean distances, 
a very small error in their relative values producing an enormous influence 
on the final results. If we adopt 30.2026 for the mean distance of Neptune, 
being one of the earlier values deduced from observation, the duration of 
the inequality will be 6820 years. On the other hand, if we employ 
Mr. Walker’s determination of the mean distance, which differs from tlie 
preceding value only by the duration of the inequality will only 

extend to 4051 years. The magnitude of the inequality will vary in a still 
greater proportion with the change of mean distance 'i'. 

The mass of Neptune is an element which, in the present state of the 
theory of the planet, is still involved in great uncertainty. A satellite 
which has been discovered by Mr. Uassel fortunately affords the means of 
determining its value independently of the perturbative action of the 
planet, but no satisfactory results on this point have been elicited by the 
researches of astronomers. M. Otto Stx'uve, by means of his own obseiva- 
tions, makes the period of the satellite 5*^ 21^-15™, and the semi-major 
axis of the apparent orbit IT''.89. These numerical values indicate a 
mass equal to sun’s mass being represented by unity. On the 

other hand, Pi’ofessor Pierce of Harvard College, U.S., guided by similar 
observations of his countryman, Mr, Pond, has obtained for the 

value of the planet’s mass. This geometer has executed a detailed calcu¬ 
lation of the perturbations which Neptune produces on Umnus, and has 
found that the mass deduced from Mi'. Bond’s observations of the satellite 

* It is worthy of remark that the inequality is greater in the former of these cases than 
in the latter, although the disturbing body is then more distant. Both the magnitude and 
duration of the inequality increase ad infinitum as the mean distance increases towards a 
value very nearly equal to 30.45014. 
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accounts better for the irregularities of the disturbed planet than any 
other value ■which has been assigned. When the difidculty of making 
observations of the satellite is taken into consideration, it is manifest that 
some time must elapse before the value of this element can be established 
■with a degree of precision conformable to the present condition of Physical 
Astronomy. 

In one of the preceding chapters allusion has been made to the long ine¬ 
quality in the moon’s epoch, which ■was the cause of so much embarrassment 
to astronomers in the present century, but of -which the existence -was placed 
beyond all doubt, and its true nature clearly established, by a discussion of 
the Green-wich lunar observations consequent upon their recent reduction. 
The complete explanation' of this inequality by the theory of gravitation, 
■was the reward of Professor Hansen’s researches on the subject. Mr. 
Airy, by the discussion of the same observations, detected also two small 
periodical inequalities in the moon’s motion, neither of which had hitherto 
been recognised by theory. The greater of these inequalities was in the 
moon’s latitude. It varied with the cosine of the moon’s true longitude, 
amounted at its maximum to and was additive. The other 

inequality was in the longitude. It varied with the cosine of the longitude 
of the node, had a maximum value equal to and was subtractive. 

These qua-ntities are indeed very small, hut such is the high degree 
of precision which characterizes modern observation, and such is the 
mathematical refinement at-tained in the correction of the lunar or planetary 
elements by the discussion of masses of observations, that the existence 
and true form of the inequalities was established beyond all doubt by Mr. 
Airy’s researches. Observation and theory were therefore once more at 
direct issue, and it remained for the geometer to reconcile their discordance 
by demonstrating the existence of the discovered inequalities, as necessarily 
due to perturbative action. This important object has recently been ac¬ 
complished by the same geometer to whom the explanation of the long 
inequality in the epoch of the moon is due. Professor Hansen, by a pro¬ 
found investigation of the lunar theory, has discovered two inequalities 
similar to those indicated by observation, and very nearly agreeing with them 
in their maximum values. The inequality in latitude was found by him to 
amount to 1".38. It arises from this circumstance, that the plane to 
■^vhich the lunar orbit is inclined at an invariable angle is uot the jilane of 
the ecliptic as has been hitherto supposed, but a plane the position of 
which Professor Hansen represents by the following conception :—“Take 
the plane of the earth’s orbit in the position in which it was about three 
years ago ; let the nodes of this plane revolve backwards on the present 
ecliptic through 9 0°, without change of inclination; the plane so found is 
the plane to which the uniformity of the inclination of the moon’s orbit is 
to be referred.”-!' The same train of investigation gave also the inequality 
in longitude. M. Hansen obtained O^'-SO for its maximum value. Tho 
discordance between M. Hansen’s results, and the values assigned to tho 
inequalities by Mr. Airy, are not greater than such as may fairly bo 
ascribed to errors of observation. Thus the clouds which for a moment 
obscured the Newtonian theory of gravitation have been effectually dis¬ 
sipated, and a fresh conquest has been added to the long list of triumx)hs 
which adorn its history. 

With the foregoing brief allusion to the recent researches of M. Hansen 

* Letter from ProfessoJr Hansen to the Astronomer Royal, Monthly Not. Ast. Soc., 
June, 1849, 
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on the lunar theory, our imperfect attempt to trace the history of physical 
astronomy is now brought to a close- A review of the progress of this 
sublime department of science from its origin to its present advanced 
state exhibits three periods, severally characterized by distinctive fea¬ 
tures, and separated by -well-deiined outlines. The first of the seperiods 
extends from the commencement of Newton’s career to about the middle 
of the eighteenth century. It comprehends the establishment of the 
theory of gravitation by that immortal philosopher, the general propaga¬ 
tion of its principles, and the efforts pursued by geometers with a view to 
its future development. The appearance of the ^rincipia in 1689, is one 
of those conspicuous landmai'ks in the annals of science which enable the 
reader to group together a multitude of subordinate events, and to pursue 
his way with comparative ease along the intricate path of physical re¬ 
search. Guided by the maxims of a cautious philosophy in establishing 
his fundamental principles, and relying on the conclusions of a sublime 
geometry, the offspring of his own genius, Newton has in that work un¬ 
folded the mechanism of the material universe, and traced with complete 
success the agency of gravitation in all the grand phenomena of the 
planetary movements. The dim perceptions of Copernicus, the more 
searching and comprehensive but equally ineffectual speculations of Kepler, 
the sober conjectures of Borelli, and the acute surmises of Hooke, were 
now proved by demonstrative reasoning to be so many indistinct and 
scattered glimpses of one all-pervading principle which the author had the 
glory of first revealing to the world. The multitude of complex and 
apparently unconnected phenomena, which astronomers had detected by 
means, of persevering efforts, prosecuted throughout a long succession 
of ages, now assumed the character of subordinate truths flowing from one 
common source. The sagacious generalizations of Hipparchus and 
Ptolemy among the ancients, and the equally admirable efforts of Tycho 
Brahe and Kepler among the moderns, were finally emancipated from 
the empiricism which characterizes mere mathematical inductions, and 
now stood forth invested with all the grandeur of natural laws. The 
general adoption of the theory of gravitation which took place towards 
the close of the period we are considering, affords a lesson at once interest¬ 
ing and instructive. Slow at first to admit principles which presented 
themselves in the austere garb of the ancient geometry, and violated the 
cherished creations of fancy, the human mind, notwithstanding, was unable 
effectually to resist the force of demonstrative reasoning, and finally was 
constrained to bow before the simple majesty of truth. By a rational 
exposition of their more salient features, the principles of the theory of 
gravitation were brought home to the understandings of persons unused 
to processes of scientific inquiry with a power of conviction which the more 
refined investigations of modei'n times are calculated only in a small 
degree to strengthen- With respect to the geometer, the impression 
produced on his mind by the discoveries of Newton was of a totally different 
character. Par from recognising a theory already complete in all its parts, 
he discovered, in the pages of the Frincipia, an inexhaustible mine of 
profound research, and already descried, in the dim perspective of futurity, 
the magnificent expansion ■which the sublime principles therein expounded 
were destined to acquire. But, to use the language of au illustrious living 
philosopher, the geometry of Newton was like the bow of Ulysses, which 
none but its master could bend The efforts of geometers during this 


* Herschel’s Discoui’se on the Study of Natural Philosophy, p 
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period were therefore mainly directed to the improvement of the transceii- 
dental anal^is, the only instrument that could be expected in future to 
afford aiy e&cient aid in the abstruse researches relating to the system of 
world. Its applications being confined to problems of pure mechanics 
the ^ branch of science which forms the connecting medium between 
physics. The prodigious mass of original matter that had 
m the in a synthetic form supplied geometers 

with an inexhaustible held of delightful speculations of “this n^ure and 
g^e birth to a multitude of analytical inventions which proved of incalcu 
lable service in the future development of the theory of gravitation. 

The second period in the liistory of physical astronomy extends from 
the commencement of the labours of Euler and his contemporaries on the 
lunar theory to the close of the eighteenth century. Less fertile h! 

ideas than the period to which we have been referring, it notwith- 

of conoeptic. iu fundamenta®’ priuc^lea, 
wWL ^ of .generalisation in the methods of research, to 

These ^ investigations in any other age can offer a parallel. 

JLhese biilhant efforts of genius, when applied to Celestial Mechanics con¬ 
ducted the geometer to new solutions of all the great problems of the 
system of the world, more comprehensive in design, and more fertile in 
detail, than those derived from the synthetic methods of the Princinia 
Eormul^ were assigned exhibiting the oschlations of the planetary movt 
ine^s throughont indefinite ages both past and future. The sublime 
tmths relating to the stability of the planetary system were establiSed bv 
Eagrange and Eaplace upon the basis of a rigoroL analysis. The accurate 
computation of the motion of the lunar anno-P#^ tL-c -^■“® 

of the hitherto inexplicable iSeiSlarfirof Jupi^eS s“an5 
of the seoiaar acceleration of the moon? mean motion, tlie solutfon rf thi 
great problem of the precession of the equinoxes by the strictest prinin^oi 
of mechanical science, and the complete establishment of the tW? of 
upitcrs satellites, may be ranlced among the most brilliant conouaata 
achieved durmg tins period. The actual state of astronomioid icitnii 
nas also now hiought into more intimate connexion with the researchoa 
the geometer than it had been in the nrecedino nej-iod of 

of the celestial motions discovered by Hipnarclius and his sne 

p^nsSu? iniL^LTtSnt 1/Srre‘X t'an a“‘’ ''f f 

ixKMteThi*a"‘olit wT^iS^a^tr™"" °Thr to 

which conduced materially to their mutual pro°rIsi^ Tht ^ others paths 
by the critical acumen of Hallev the somcio-nf n'^^i ^^e results achieved 
practical skill of Maskelviie ^ Biadley, and the umivalled 

i-esearches of the geometers o^^ihi poni?" *te analytical 

ciated with thenT fn thi iXifficent^i T‘’ impofisbably asso- 

of physical astronomy durin|lhifpeidod““TlfeU» '''“f “f® tte history 
publication of the Micani^ue CelJie, a work embodyL?m^4°ortt‘mtt 
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important metliods of Euler, Clairant, D’Alembert, and Lagrange; but in 
respect to wbicb it bas been beautifully remarked by an eminent philo¬ 
sopher’*' that the immortal author might be amply justified in using the 
words of the prince of antiquity, “ et quorum pars magna 

The third period, although distinguished less by intellectual triumphs 
than by the profusion of its accumulated treasures, notwithstanding 
exhibits some results which may vie in splendour with the most brilliant 
efforts of genius in any age. The sublime theory of the variation of 
arbitrary constants was carried by Lagrange to a state of perfection which 
will command the admiration of geometers to the latest posterity, and was 
subsequently applied with success to all the great problems of the system 
of the world. The vast treasures of analysis which had been amassed by 
the. geometers of the eighteenth century supplied inexhaustible stores for 
the improvement and extension of the several parts of the theory of gravi¬ 
tation; and, as the objects of research were now of a still more evanescent 
character than they had been in the preceding period, the labours of the 
astronomer were characteiized by a suitable degree of refinement. The 
annals of science do not contain the record of more delicate operations 
than those which have been conducted in the present age for the pui’pose 
of determining the ellipticity of the earth by means of the pendulum. 
The elements of the planetary orbits have also been determined with 
unexampled precision, a circumstance which has been attended with the 
twofold advantage of improving the tables of astronomy, and exhibiting, in 
bold relief, the existence of outstanding irregularities. By these means 
the long inequalities in the earth and moon, besides various phenomena 
of minor interest, have been detected and accounted for by the theory of 
gravitation, A similar process led to a clear definition of the anomalies of 
Uranus, and suggested those immortal investigations which established the 
existence of an exterior planet. 

The future prospects of physical astronomy are in accordance with its 
past triumphs. The theories of the smaller planets and comets, and the 
inverse problem of planetary perturbation, still continue to offer to the 
geometer extensive subjects of interesting research. The theories of the 
secondary systems are also still in an imperfect condition. It is true that 
the moon and the system of Jupiter’s satellites have formed the subjects of 
elaborate research, and that their complex perturbations have been studied 
with a degree of success which leaves little further to be desired; but so 
intricate are the various parts of physical astronomy, and so difficult is it for 
the geometer to bring them witbin the reach of his analysis, that methods 
of investigation devised for any particular problem become totally useless 
when applied to others apparently similar to it. In the secondary sj’-stems 
of Saturn, Uranus, and Neptune, difficulties will doubtless occur to the 
geometer, which can only he vanquished by methods of analysis peculiarly 
adapted to each specific ease. But the planetary system does not hold 
out the exclusive prospect of future advancement in the study of Celestial 
Mechanics. Already the sublime truth announced by Newton, that every par¬ 
ticle of matter in the universe attracts every other particle with a force vary¬ 
ing reciprocally as the squares of their mutual distances, has been realised 
in tlie motions of those vast bodies w’hich roll in space at aii inconceivable 
distance beyond the limits of the solar system. The recent researches of 
astronomers on the motions of Double Stars have established this important 
fact beyond all doubt. An unlimited field of speculation is here presented 

* M. Biot. 
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to tlie coEteroplative mind. Whether it is allotted for the geometer to 
transport liis analysis effectually to those myriads of bodies 'which twinkle 
in the starry heavens, and to calculate the perturbations which the solar 
system may one day experience as, in the course of its motion through 
space, it aj>proaches some of the great masses of the universe, are questions 
which cannot fail to occur to the thoughtful inquirer, but are of the class 
which time alone can solve. To use the language of an eminent philosopher 
it would be rash to be too sanguine; it would be unphilosophical to despair. 

Still more shrouded in mystery is the question relative to the nature 
and mode of operation of the principle which is thus found to exercise an 
incessant influence over the constituent particles of matter. That it has a 
close affinity to heat, light, electricity, and the other imponderable agents 
of the^ material creation,—nay, that all may be only so many distinct mani¬ 
festations of some more general principle, is the prevailing opinion of those 
wdio have devoted much attention to physical researches. This opinion 
may one day ripen into an established truth, and views of nature unex¬ 
ampled in magnificence and splendour may be reserved for future genera¬ 
tions. In the present state of our knowledge, however, all attempts at 
generalizations of this khid must be regarded as premature. A multitude 
of difficulties occur in every subject of physical enquiry, the explanation of 
which must precede any extensive induction of general principles such as 
that referred to, but which can only be expected to result from scientffic 
researches prosecuted throughout a long succession of ages. Whether 
gravitation is a quality inherent in, and necessarily co-existent with, 
matter, or whether it is a principle essentially distinct from it and 
operating merely on its constituent parts, is a question which, in all 
prohability, is destined for ever" to prove irresolvable to the most penetrating 
inquiries of the human mind. It is when he thus passes the boundary 
that circumscribes the province really accessible to his researches, and 
seeks with prying interest to penetrate into the illimitable region of the 
unkno'wn, that man with all his boasted philosophy is reminded of his 
nothingness. He has decomposed the subtle light into its primitive 
elements, and determined with mathematical rigour the amazing velocity 
of its transmission through space; he has measured the distances of the 
celestial bodies, and traced the laws of their complicated movements—but 
the fall of a decayed leaf suggests to him problems, whose solution 
transceuds the loftiest powers of his understanding, and in the physiology 
of the humblest moss that presents itself to his contemplation he en¬ 
counters mysteries that prove impenetrable to his most searching scru¬ 
tinies. To examine, arrange, and classify the countless varieties of 
physical phenomena—to define the chai'acter, and unfold the admirable 
beauty, of the pi’iuciples that unite them together, and to advance by suc¬ 
cessive iuductions to relations of a more and more extensive order in tlie 
economy of the material universe—such are the magnificent enterprises 
which science proposes to the well-directed efforts of persevering thought 
such aie those alone whose realization is attainable hy human, research. 
Ennobled with elevating conceptions of creative grandeur, and fraught wutli 
sentiments of pure enjoyment, is the mind of the philosopher, who, .while 
prosecuting the study of nature in the true spirit of rational inquiry, re^f^ards 
his "vocation, not as a pursuit designed to gratify his curiosity or minister 
to his ambition, but as a glorious privilege offered to him, by li^ffitly 
jvailmg himself of which he is enabled to advance the condition of his 
fellow cieatures, and to discover innumerable illustrations of the power 
wisdom, and goodness of the Supreme Being. " 
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CHAPTER XIV. 


Researches on the Solar Parallax.—Modern Determinations of this Element-Discovery 

of the Solar Spots_Consequences deduced from this Discovery-Period of the Sun’s 

Rotation.—Theories of the Solar Spots.—Wilson.— Herschel.— Researches on the 
Lunar Parallax.—Ellipticity of Mercury.—Researches on the Rotation of Venus.— 
Discovery of the Ultra Zodiacal Planets.—Micrometrical measures of Jupiter’s 
Satellites.—Micrometrical measures of Saturn, and of his Ring.—--Discovery of the 
eighth Satellite of Saturn.—Researches on the Satellites of Uranus.—Lassel’s Dis¬ 
covery of the Satellite of Neptune.—Researches on Comets—Halley’s Conaet.— 
Comet of 1843. 

The determination of the distance from the sun to any of the planets 
revolving round him, is one of the most important problems of astronomical 
science. When this object is effected in any individual instance, it is then 
possible by means of Kejjler’s third law to ascertain the distances of all the 
planets from the sun, and hence, also, their distances from the eartli cor¬ 
responding to any assigned instant. An accurate knowledge of the latter is 
indispensable in reducing the apparent positions of the planets to the true 
positions which they would occupy if seen from the centre of the earth. 
These results may obviously he all derived from the solar parallax, which is 
expressed by the reciprocal of the sun’s distance from the earth. The real 
value of this element has, in all ages, formed an interesting subject of 
enquiry. Aristarchus of Samos, by observing the angular distance between 
the sun and moon, when the latter was dichotomisied, inferred that the 
sun is nineteen times more distant from the earth than the moon is. 
Ptolemy assumed this result ,to bo true, and, combining it with the value 
of the lunar parallax as determined by his own observations (or ratlier 
perhaps those of Plipparchus), he obtained 3' for the amount of the solar 
parallax. This value was adopted by all his successors down to Tycho 
Prahe inclusive. ICepler, while engaged in his celebrated researches on 
the motions of Mars, availed himself of tlie accurate observations of Tycho 
Prahe to institute a searching scrutiny into the value of the solar parallax. 
The conclusion he came to was, that it did not exceed 1/, and in all pro¬ 
bability fell very short of that quantity. The researches of Cassini reduced 
the superior limit considerably below this value. ITe attacked the problem 
not by direct investigation, but by means of researches on the parallax of 
Mars. When this planet is in opposition, it is much nearer to the earth 
than the sun is, and consequently its parallax is then a much more 
appreciable quantity than that of the sun. But if the parallax of any 
planet is once determined, the parallax of the sun or that of any other 
planet, becomes known by means of Kepler’s third law. The method pro¬ 
posed by Cassini for determining the parallax of Mars, was to make simul¬ 
taneous observations of the planet when in opposition at two places of the 
earth considerably distant from each other, and then, by a comparison of 
the results, to ascertain the amount of displacement arising from the 
difference of position. Por this purpose. Richer was sent by the Academy 
of Sciences to Cayenne, in Africa, while Cassini, lloemer, and Picard 
observed the planet at different places in Prance. A comparison of the 
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positions of th.e planet as determined by tbese observations ■ shewed that 
the effect of parallax was insensible; whence it was inferred that at the 
ntmost it did not exceed 35". This gave 10" as the greatest value 
which could be assigned to the solar parallax. Cassini fixed it at 9''*'.5, 
a result which formed a very important approximation to the true value. 
When Xacaille was at the Cape of Good Hope, he made observations of 
3VIars for a similar purpose. A comparison of his results with those 
assigned by similar observations in Europe gave 10". for the amount 

of the sun’s parallax. « ;i nrypn 

The transits of Venus across the sun’s disk in the years 1761 nnd 1769 
supplied astronomers with a more accurate method of determining the 
solar parallax than that to which we have been just alluding. This 
method "was first pointed out by Halley, who, in. 1716, suggested to 
astronomers to carry it into effect on the occasion of the approachmg 
transit of the planet, earnestly imploring them not to neglect so valuable 
an opportunity of determining so impo];tant an element. Astronorners 
did not fail to appreciate the value of Halley’s proposal; and on their 
recommendation the principal Governments of Europe fitted^ out expe¬ 
ditions to various parts of the world, both in 1761 and 1769, for the 
express purpose of observing the transit of the planet. The transit of 
1761 was imperfectly observed, and the result did not prove satisfactory. 
The transit of 1769, however, was observed with complete success. A. 
comparison of the results assigned by the various observations gave 8'' .7 
and 8".5 as tbe most probable limits within which the pai'allax is confined. 
IDelambre assigns 8".6 as the most accurate value, a result which places 
the sun at the distance of 95 millions of miles from the earth. W^heii w'e 
consider the ingenuity of the method employed in arriving at this deter¬ 
mination, and the refined nature of the process by which it is carried into 
effect, we cannot refrain from acknowledging it to be one of the noblest 
triumphs which the human mind has ever achieved in the study of physical 
science. 

A comparison of the value of the solar parallax as assigned by observa¬ 
tions of the planet Mars, with that obtained by the more accurate method 
of the transit of Venus, did not lead to so close an agreement as might 
have been expected from the advanced state of astronomy. With the 
view of arriving at a more satisfactory result by the former of these 
methods, the late Mr. Henderson made observations of Mars at the Cape 
of Good Hope, on the occasion of the opposition of the planet in 1833. 
Simultaneous observations of the planet w^ere made at Greenwich, Cam¬ 
bridge, and Altona. A discussion of all the observations gave for the 
solar parallax a mean value eq^ual to 9".135. This result forms a nearer 
approximation to the generally acknowledged value, than either of those 
assigned by Cassini or JLacaille, but still it has not altogether satisfied the 
desire of further research on the subject. A method for determining 
the solar parallax by means of observations of Venus and Mars has 
recently been proposed by Dr. Gerling of Marburg. A suggestion which 
was made to the Government of the United States to lend its co-operation 
in carrying this method into effect, has been favourably received ; and, in pur¬ 
suance of this object, an expedition has been despatched to the State of Chili, 
in South America, in the month of July of the present year^'«. It is con¬ 
templated to observe Mars at the oppositions of 1849—53; and Venus at 


» 1849. 
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tlie inferior conjunctions and stationary points of 1860—52. Tlie conduct 
of the observations has been assigned to ILieutenant Gilliss, a young 
astronomer who has already signalized himself in a most praiseworthy 
manner. It is to be hoped that the result of this expedition will prove to 
be as conducive to the advancement of astronomical science as the expedi¬ 
tion itself is creditable to the Government under whose auspices it has been 
undertaken. 

When Galileo first directed his telescope to the sun, he was surprised 
to find that the surface of that luminary, instead of presenting a uniform 
appearance, according to the opinion universally entertained by philoso¬ 
phers, was diversified with a number of dark spots exceedingly irregular 
both in form and magnitude. When watched attentively for some days 
these phenomena were perceived to be in a state of constant change. In 
some instances two or three spots would unite together and form one large 
spot; and on the other hand it happened not unfrequently that a spot of 
considerable magnitude would break up into two or three smaller ones. 
In the latter case the spots generally diminished with more or less rapidity, 
and finally disappeared altogether, when they were succeeded by others of 
the same irregular and fleeting nature. This remarkable discovery 
inflicted one of the most effective blows which had yet been dealt against 
the ancient philosophy by the progress of scientific researoh ; for it was 
one of the fundamental doctrines of Aristotle that the heavens are incor¬ 
ruptible and immutable; and, therefore, that the surfaces of the celestial 
bodies are destitute of any physical changes analogous to those w'hich 
characterize the operations of nature on the surface of the earth. The 
announcement of the existence of spots on the sun was therefore received 
by the adherents of that philosophy with feelings of deep mortification, 
and various attempts were made to demonstrate its fallacy. By some the 
spots were alleged to be spurious phenomena arising from the impurities 
in the glasses with which the observations were made. By others they, 
were maintained to be planets revolving round the sun at small distances 
from his surface, for when w^atched some days they were all found to have 
a motion on his disk from east to west. Observations made with different 
glasses sufficed to disprove the former of these assertions. With respect 
to the latter, a fatal objection to it consisted in the irregular aspect and 
changeful character of the spots. 

Although the name of Galileo is more intimately associated with the 
discovery of the solar spots than that of any other philosopher, it would 
appear that one of his contemporaries at least arrived also at a knowledge 
of these interesting phenomena by original observation. Nay, it has even 
been alleged that the illustrious Italian was anticipated on this occasion by 
an astx’onomer of Germany. It is incontestable that the earliest publica¬ 
tion which contains an account of the solar spots is due to John Fabiicius, 
a nephew of David Tabricius, the astronomer and intimate friend of 
Kepler- The dedication of this work* is dated June 13, 1611. The 
author asserts that the solar spots were observed by him from the com¬ 
mencement of the curx’ent year. The work contains internal evidence 
that some of the observations of these phenomena must have been made 
at least three months anterior to the date of dedication. Another of 
Galileo’s contemporaries who asserted that he had discovered the spots 
by bis own observations was Christopher Scheitier, a German Jesuit, 


* Johannis Fabrieii Phrysii de Maculis in Sole Observatis, Witteburgi, 4to, 1611. 
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wbo was Professor of Math-ematics in the University of Ingolstadt. This 
individnal published an account of his observations in three letters ad¬ 
dressed. to Wilser, the chief magistrate of Augsburg, under the anonymous 
signature of Apelles latens post tabulam. The first of these letters is 
dated the 13th November, 1611- The author states that he first dis¬ 
covered the spots seven months previously. This assertion would carry 
hack-his observations to the month of April, 1611. Tie mentions that, 
npoA resuming his observations in the month of October, he suspected 
that the appearances arose from some defect in the glasses with which he 
viewed the sun, but that after he had prosecuted his observations for a 
short time he finally became convinced of the actual existence of the spots’!* * * § . 
With respect to his alleged discovery of the spots as early as April, 1611, 
it is clearly inadmissible, inasmuch as it rests solely on his own assertion. 
Nor, indeed, even if supported by sufficient evidence, do his observations 
of that period appear to possess any real merit, since we find him in 
October still doubting the actual existence of the spots. Galileo first 
alluded to his discovery of the solar spots in the commencement of his 
^^Dissertation on Floating Bodies,” published at Florence in 1613f. A 
detailed' account of his researches on these phenomena is contained in 
three letters addressed to Welser in reply to the letters addressed to the 
same individual by Scheiner, whose views of the nature of the solar spots 
were at variance with those of the Italian philosopher. These letters 
were published at Rome iir January, 1613, under the auspices of the 
celebrated Uyncean Society J. The first letter is dated the 4th May, 1613. 
The^ author asserts in it that eighteen months had elapsed since he 
originally observed the spots. This statement carries back his discovery 
to about the beginning of November, 1610. As, however, he has not 
cited any observations of so early a date, nor mentioned any individuals to 
■whom he communicated his discovery, it is impossible to admit his asser¬ 
tion as an historical fact§. Evidence of a more reliable character goes to 


* An amusing incident is related in connexion with Sclieiner’s observations, which 
indicates the fatal effect with which the authority of Aristotle succeeded in maintaining its 
ascendancy over men’s minds, even when the dogmas of the illustrious Stagyrite were 
opposed to the testimony of the senses. As soon as Scheiner had assured himself of the 
actual existence of the solar spots, he communicated his discovery to the Provincial of the 
Order of Jesuits, but the latter, who- was a zealous Peripatician, positively refused to give 
credit to his assertion. “ I have read Aristotle’s writings from end to end many times,” 
says he to Scheiner, “and I can assure you that I have nowhere found in them anything 
similar to what you mention. Go, my son, and tranquillize yourself; be assured that what 
you take for spots in the sun are the faults of your glasses or your eyes.” The inflexible 
provincial would not allow him to publish his observations and opinions under his own 
name. He only consented to an anonymous publication of them, as mentioned in the 
text. 

T Discorso intorno alle Cose che stanno in su I’Acqua. Firenze, 1612. 

^ Istoria et Dimostrazioni intorno alle Macchie Solari et loro accidenti dal Signor Galileo 
Galilei, &c. Roma, 13 gennaro, 1613. 

§ M. Arago, in his_ valuable “ Analysis of the Life and Discoveries of Sir William 
Herschel,”^published in the Annuaire for 1842, has discussed with great ability the claims 
of the various individuals to whom the discovery of the solar spots has been attributed. 
He rightly refuses to Galileo the credit of having discovered the spots eighteen months 
previous to his first letter to W^elser, on the ground that the claim to. the discovery rests on 
; ? hare assertion of its author* ^He, however, I'eadily admits that if Galileo’s letters con- 
tained the records of any observations made in the pi'eceding year, such records should be 
considered as fully ^substantiating his claim to the discovery. The following are the 
w Arago iri reference to this point;—“ Le meilleur moyen de trancher toute 
difcculte sur la date de la d6couverte des tachos edt 6t4 de rapporter de veritablcs ohser- 
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•stew ttat he ohserved tlie spots as early as the month of April, 1611. 
•On some day in that month he announced the existence of the solar spots 
at a conference of savans, held in the garden of Cardinal Bandini at 
■Home. This fact was afterwards addnced in support of his claims to the 
original discoveiy of the phenomena, and was corroborated by several 
persons who were present at the conference. A fourth individual to whom 
the disecvery of the solar spots has been attributed is BCariot, the cele¬ 
brated mathematician of England. De Zach, who visited this country 
towards the close of the last century, obtained access to the manuscripts of 
EEariot, and from an inspection of them he came to the conclusion that the 
author had observed the solar spots as early as the month of December, 
1610. The late Professor Higaud, of Oxford, however, having carefully 
examined the same manuscripts, found that the observations contained in 
them could not bear the interpretation put upon them by De Each. It 
turns out, in fact, from his researches, that ELariot did not commence his 
observations of the spots before the month of December, 1611« With 
respect to the other three individuals whose names are associated with the 
discovery of the phenomena, it is pretty evident that the claims of two at 
least are well founded. Fabricius and G-alileo appear to have both per¬ 
ceived the spots about the same time. The observations of Scheiner were 
of a later date, but it is not impossible that they may have been quite 
independent of those of his contemporaries. 

The discovery of the solar spots soon conducted astronomers to the 
important conclupion that the sun has a rotatory motion round a fixed 
axis- Fabricius found that all the spots had a common motion on the 
sun’s disk from east to west. Their motion was greatest when they were 
in the ceptre of the disk, and it thence gradually diminished until they 
reached the western limb, when they disappeared from observation. In 
the course of ten days afterwards the spots reappeared on the eastern 
limb. Their motion at first was slow, but it continually increased until 
tbey reached the centre of the disk, when it again attained its maximiim 
rate. Fie also found that the magnitude of the spots ajypeared to be 
greatest when they were on the centre of the disk, and least when they 
were near either of the limbs. He remarked, that according to the 
principles of perspective, all these appearances would ensue on the sup¬ 
position that the spots were attached to the surface of the sun, the latter 
being supposed at the same time to revolve round an axis with a uniform 
motion from east to west. He does not appear, however, to have formed 
an adequate conception of the importance of this conclusion, for he did not 
pursue any further researches in connexion with it. 

G-alileo reasoned on the subject with his usual sagacity. The various 
circumstances connected with the phenomena of the spots soon revealed 

vations. Qui aurait o.se concevoir des doutes sur la sinceritd d’une declaration de Galilee 
con9ue en ces terms: Tel jour, en 1611, je vis une tache pres du bord oriental du Soleil ; 
tel autre jour elle etait au centre du disque; a telle troisieme date je fus temoin de la 
disparition de la tache derriere le bord occidental ? On trouve des observations de ce 
genre dans les lettres que I’illustre pbysicien eerivit a Welser d’Ausbourg. mais elles sont 
toutes des tnois d’Avril et de Mai, 1612.” (^A.nnuairet 1842, p. 469.) From the above 
passage we infer that if M. Arago had been acquainted with Mr. Airy’s “ Historical 
Statement of Circumstances connected with the Discovery of the Planet exterior to Uranus ” 
at the time when he was engaged in drawing up the critical remarks on that subject, which 
appeared in the Comptes Rendus for the 19th October, 1846, he would have conceded 
substantialli/ to Mr. Adams his right to the discovery of the I'rans-Uranian planet, as un¬ 
hesitatingly as in the present instance he concedes JtypotheticaUp to Galileo his right to 
the discovery of the solar spots. 
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to his acute J)erceptioii the fact of the sun’s motion round a fixed axis. In 
the remarks on the spots, which appear in the beginning of his “Disserta- 
.tion on Floating Bodies,” he makes the period of rotation to be about a 
lunar month*. In his third letter to Welser his language is more 
precise. He states that, having observed a great number of spots with 
much attention, he came to the conclusion, that the time during which 
they remained on the disk -was somewhere about fourteen daysf. This 
assigns rather more than tw^enty-eight days to the period of the sun’s 
^p^arent rotation. Modern observation makes it He also re¬ 

marked that the axis of rotation is not perpendicular to the plane of the 
ecliptic, but that it deviates from the pole of that circle only by a small 
angle. Although Scheiner formed very erroneous views of the nature of 
the solar spots, he studied with great assiduity all the circumstances con¬ 
nected with their appearance. In 1630 he published his Rosa Ursinal, 
an immense work, devoted exclusively to the subject of the solar spots, 


* Che (il sole) in un mese lunare in eirca finisce il suo peiiodo. Opere di Galileo, 
Bdit. Pad. tome i. p. 189. 

■f M. Arago, while engaged in discussing the relative merits of Galileo and Scheiner, 
with reference to their respective researches on the subject of the sun’s rotation (A«- 
‘nuaire, 1842), appears to have been hurried, by the ardour of dispute, into the commission 
of an act of injustice against the illustrious Italian. The following is a brief statement of 
the facts connected with this question. Scheiner, in one of his letters, had contended 
that the spots could not be attached to the surface of the sun, alleging in support of his 
assertion, that the time occupied by a spot in traversing the sun’s disk was greater in some 
cases than it was in others. Galileo denied the existence of any difference in the duration 
of the spots on the disk, and proceeds in the following terms to state the grounds of his 
disbelief:—“ Perche havendo io circa questo particolare fatte molte, et molte diligentis- 
sime osservazioni non ho trovato incontro alcuno, onde si possa concluder altro, se non 
che le macchie tutte indifferamente dimorano sotto ’I solar disco tempi eguali che al mio 

f iudtzio sotiO qualche cosa piil di giorni 14.” (Istoria, &c., alle Macchie Solari, p. 116.) 
t appears by mis passage, and also by that cited in the foregoing note, that as early as 
16il.2 Oalileo had watched with great assiduity the various circumstances eonnooted with 
the sp^r spots, and that as vearly as he could possibly judge the period of the sun’s rota- 
.^on was 28 days. ^ In 1630, Scheiner published his JRosa UrsinOf in which he 6xod 
me period of rotation between 26 and 27 days. Let the reader compare these facts 
With the following assertion of M. Arago’s. •“ Galileo has never assigned the period of 
the sun’s rotation, whether apparent or real, otherwise than in a vague manner. With 
respect to the apparent period he hxed it at about a month (nello spazio quasi d’un 
mese. Dialogues)....Besides, the Dialogues did not appear until 1632, two years after the 
publication of the JRosa ZJrsina of Scheiner.” Thus it appears that M. Arago entirely 
overlooks the scientific statement made by Galileo in his letter to Welser, of December, 
1612, and assumes, as the basis of his reasoning, a remark on the same subject made by 
the illustrious philosopher in his “ Dialogues on the System,” a work in which the author 
avowedly expounds his views rather in the language of familiar explanation than in the 
strict phraseology of science. Galileo’s estimate of the period of rotation is also pre¬ 
sented in a very unfavourable point of view by placing it after the publication of Scheiner’s 
work, and twenty years subsequent to the stricter statement made by him in his letter to 
Welser. It may be urged that the language of the Italian philosopher is by no means 
Consistent with the precision due to such researches. This is, no doubt, true, but it cer¬ 
tainly does not lose, in this respect, by comparison with the language of Scheiner. Indeed, 
when we take into account the discordances of the modern determinations of the period of 
rotation (amounting to seven or eight hours), we cannot refrain from the conclusion that 
too- much reserve cannot be employed in advancing the charge of vagueness against the 
prig^nal explorer of the heavens with the telescope, whose observations were made with a 
little instrument that magnified only thirty-three times. 

if Rosa Ursina, sive Sol ex admirando facularum et raacularum suarum phenomeno 
vanus, &c. Alluding to this enormous work, Delambre says, “ There are few books so 
diffuse and s6 TOid* of facts. It contains 784 pages; there is not matter in it for 50 
pages. — JItst. Am. Mod. tome i.- p. 690. 
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atid coMtpre'beRdiiig obsierrations of these phenomena, which extended 
over a period of eighteen years. He determined the period of the 
sun’s rotation to he between and days. He also assigned 6° and 
8° as the two extreme limits of the angle at which the pole of rotation is 
inclined to the pole of the ecliptic. Modern ohservation makes it 7° 20'. 

The sulyect of the solar spots is calculated, in a strong degree, to attract 
the attention of those engaged in the study of physical science. When it 
is considered that the sun exercises so commanding an influence over the 
operations of nature on the earth, it i^ impossible to repress an intense 
desire of arriving at some knowledge of those mysterious changes which 
are perpetually t^ing place at Ms surface. ISTotwiihstanding its manifest 
importance, however, there is, perhaps, no department of astronomical 
science in which less real progress has been made than in that relating to 
the solar spots. In order that the reader may form a clearer conception 
of the various theories which have heen devised with a view to explain the 
origin of these interesting phenomena, we shall give a brief statement of 
the principal facts relating to them which have been established by the 
observations of astronomers. 

When a spot on the sun’s disk is closely examined, it is found not to be 
uniformly obscure. The central part is characterised by intense blackness, 
but it is surrounded on all sides by a contour of appreciable breadth, which 
exhibits a semi-luminous appearance. The more obscure part of the spot 
is termed the nucleus ; while that which is visible hy a faint light has 
been denominated the penumbra. The nucleus and the penumbra do not 
shade into each other, but are separated by a well-defined boundary. This 
important characteristic of the solar spots was first remarked hy Scheiner, 
and has been fully established by the observations of subsequent astrono¬ 
mers. A similar x'emark holds good with respect to the exterior part of 
the penumbra; the bounding line between it and the wholly luminous re¬ 
gion around it being in general distinctly visible. Sir William Herschel 
made a series of photometrical experiments with a view to determine the 
relative quantities of light emitted by the nucleus, the penumbra, and the 
wholly luminous part of the sun. The conclusion he came to was that, if 
the full light of the sun be represented by a thousand, the brightness of 
the penumbra will be represented by four hundred and sixty-nine, and 
that of the nucleus by seven. 

The formation of a spot is generally indicated by the appearance of a 
very black pore, which gradually enlarges on all sides. This enlargement 
of the spot is effected by a simultaneous enlargement of the nucleus and 
penumbra. When two or more spots appear very close together, they 
frequently expand towards each other and form one large spot. When a 
spot is diminishing, previous to its disappearance, the process of diminu¬ 
tion is accomplished by an irregular encroachment of the penumbra upon 
the nucleus. This circumstance causes the form of the nucleus to he very 
irregular, and not unfrequently leads to its breaking up into two or more 
distinct nuclei. When a spot is disappearing, the nucleus generally 
vanishes before the penumbra. 

Sometimes a spot is observed in which the penumbra is wanting. Small 
spots are generally destitute of these appearances. On the other hand, a 
penumbra without a nucleus is occasioually seen. Scheiner, and the an¬ 
cient observers of the spots, were of opinion that the exterior boundary of 
the penumbra never contained any sharp angles, however irregular the 
boundary on the side of the nucleus might be. The accurate observations 
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jof Bil? WilliaiB Herscbel have shewn that this is not universally true. On 
the 18th Fehruary, 1801, that astronomer observed a spot on the sun’s 
disk, from the nucleus of which there issued a branch, jutting out sharply 
upon the penumbra, while on the same side of the spot there appeared a 
similar projection of the penumbra upon the luminous region around it. 
In the course of a little more than two hours he found that the nucleus 
had thrown out three branches ; and, in this case also, he found that there 
were three exactly corresponding branches of the penumbra. A conclusion 
manifestly deducible from these curious facts was, that the cause which 
acted upon the nucleus acted also in a similar manner upon the 
penumbra. 

The magnitude of some of the solar spots is immense. In 1754, Mayer 
perceived a spot, the dimensions of which amounted to -^^th of the sun’s 
apparent diameter. This gives above 45,000 miles for the absolute 
diameter of the spot. In 1779 there appeared an immense spot on the 
sun which Herschel was enabled to discern with the naked eye. When 
observed by him with a seven feet reflector, and a high magnifying power, 
it was found to be divided into two parts. The larger of the two measured 
1"; 8'^ in diameter, which indicates an absolute length of 31,000 miles, 
^he i?apid changes which these phenomena undergo is very astonishing. 
Herschel states that, while engaged in observing a spot on the 19th 
February, 1800, he fixed his attention on several places, but on looking 
off, even for a moment^ the spots he had marked could not be found again. 
Sir Jolm Tubbock, in a recent communication, states that he has observed 
spots visible to the naked eye, of which, on the following day, not a trace 
could be found, even with the aid of a good telescope *. 

A remarkable circumstance connected with the solar spots is their con¬ 
stant appearance near the equator. Galileo remarked that their distance 
from that circle never exceeded 39°. Soheiner found by his own obsorva- 
tions, that they were all confined to a zone extending 80° on each side of 
the equator, which was termed by him, on this account, the royal zone. 
Subsequent astronomers have enlarged the region of the spots, so as to 
i^brace a zone of about 35° north and south of the equator. Occasionally, 
indeed, spots are observed in the regions exterior to this zone. A largo 
spot, which appeared on the sun’s disk in 1783, was found by Mechain to 
he distant about 41 30'’ from the solar equator. This is, however, an in¬ 
stance of very rare occurrence. Sir John Herschel carefully observed the 
spots on the sun’s disk, towards the close of the year 1830 and the begin- 
ning of 1837; and lie has remarked that, during the whole period 
braced by his observations, the most unpractised eye could not fail to per¬ 
ceive by the mere allineation of the spots, the situation of the poles and 
sun, without watching from day to day their progress across 


. Besides the phenomena of the spots, the telescope has disclosed other 
interesting appearances on the sun’s disk. Some parts are perceived to 
he brighter 4han the r^t of the surface, and hence have derived the ap- 

phenomena were first noticed by Galileo in 
his third letter to Welser on the spots|. The illustrious philosopher, with 

* Mag, vol. xxxii. p. 171. 

of Astronomical Observations at the Qape of Good Hope, &c., &c. London, 
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Hiimiifa'ble tact, feites tlie existence of tliese plienomena as an irrefragable 
proof that the spots are attached to the surface of the sun, instead of being 
planets, as Soheiner, in his “Letters to Welser,” supposed them to be; 
lor, on the latter supposition, he remarks, that the faculas, in virtue of their 
motion from east to west^ ought sometimes to appear as bright spots beyond 
the limb of the sun, a conclusion Tivhich was totally at variance with ohser-, 
■yation. The faculsB generally present an extended luminous appearance, 
bat occasionally they exhibit a round form. On the 3rd Lecexnher, 1800, 
Sir William Herschel observed a facula, which measured 45'^9 in ap¬ 
parent length, and therefore extended over a linear space of 76,000 miles* 
Taculse are for the most part seen in the neighbourhood of spots, but 
sometimes they appear alone. In the latter case they are generally tho 
precursors of spots which appear on the disk the following day. Messier 
W'as frequently enabled by this circumstance to predict the appearance of 
spots twenty-four hours before they actually presented themselves on the 
disk. The faculse are always brightest on the sun’s limb, and generally 
disappear as they approach the centre of the disk. When they enter the 
disk on the eastern limb they generally continue to be perceived for two 
or three days, after which they cease to be visible until they reappear on 
the opposite side of the disk, when they are again perceptible during two 
or three days before disappearing at the -western limb. • 

The fqculee always appear in the region of the spots. Observers, however, 
haye discovered that the whole surface of the sun is diversified with minute 
luminous specks of dijflPerent degrees of brightness and irregular streaks of 
light of extreme tenuity, bordered by more obscure parts. These pheno¬ 
mena are termed luculi. They are always perceptible on the sun’s disk, 
and cause the whole surface to assume a mottled appearance. Sir William 
Herschel compares the corrugated state of the sun, arising from this cause, 
to the roughness of an orange. These phenomena are found to be in a 
state of constant change. The more obscure parts, when submitted to a 
close examination by Sir William Herschel, presented small pores as 
black as the nuclei of the spots. 

We now proceed to notice the vaiious explanations of the solar spots 
which have been advanced by different astronomers. Gralileo supposed 
thena to be clouds, of a greater or less degree of opaqueness, which are con¬ 
stantly floating in the solar atmosphere, and, by their occasional interposi¬ 
tion, prevent the observer from viewing the luminous surface of the snn. 
This theory, however, is incompatible with certain appearances (to be 
noticed presently) which indicate that the spots are depressions in the 
luminous surface of the sun. It is also defective, inasmuch as it does not 
explain the constant presence and well-defiined outline of the penumbra, 
nor give any account of the existence of faculse. Soheiner, after he was 
convinced that the spots could not he planets, adopted the opinion that 
they were the indications of tumultuous movements occasionally agitating 
•the ocean of liquid fire of which he supposed the sun to be composed- La 
Hire imaginecL the sun to be a fluid mass, which contained within it nu¬ 
merous opaque bodies. Occasionally the latter appi'oached the surface and 
gave rise to the appearance of spots. When floating on the surface they 
attracted all the particles of a similar nature around them ; and, conse¬ 
quently, when they disappeared the places that had been occupied by them 
were brighter than the other parts of the surface : hence originated tlio 
solar faculm. This explanation agrees with a remark of Cassini’s, to the 
effect, that when a sjoot disappears it is generally succeeded by a facula. 
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It giyea iisovaiOGonnt, however, of the numerous faculse which frequently are 
seen in the "vicinity of a spot previous to its disappearance. It is also 
manifestly defective in many other particulars. Derham was of opinion 
that the spots are volcanos in the sun, that the nucleus represents the 
smoke, and that the faculse, which subsequently appear, are the glowing 
ilames of the eruption. A fatal objection to this hypothesis is, that the 
appearance of the solar faculse, for the most part, precedes the appearance 
of the spots. 

' The theory of the solar spots, propounded by Dr. Wilson of Glasgow, is 
far more worthy of consideration than any that we have hitherto noticed. 
This ingenious astronomer maintained that the sun is an opaque mass 
surrounded by a luminous atmosphere, and that the spots are excavations 
in the luminous matter, by means of which the observer is enabled to see 
the dark body of the sun. The reasoning hy which he established the 
important fact that the spots are depressions below the luminous surface 
of the sun is of a purely inductive character, and is founded upon obser¬ 
vations of the great solar spot which appeared in the year 1769. The ac¬ 
count he gives of these observations is exceedingly interesting He first 
perceived the spot on the S2nd November. It appeared below the equa¬ 
torial diameter, and was not far from the western limb. On the ^3rd he 
observed it again, and found that a tomarkahle change had taken place. 
The penumbra, which on the previous day was equally &oad on all sides of 
the nucleus, was now very much contracted on the side which lay towards 
the centre of the disJc, while the other parts retained nearly their former 
dimensions. On the 24th he again observed the spot. The distance from 
the limb was now only and the contracted side of the penumbra had 
entirely vanished. The breadth of the nucleus on. the same side, also ap¬ 
peared to he more suddenly impaired than it ought to have been by the 
motion of the sun across the disk. Dr. Wilson demonstrated, hy strict 
geometrical reasoning,' that these are the appearances which would neces- 
sarfiy ensue on the supposition that the spot was a vast excavation, of 
which the nucleus was the bottom, and the penumbra the sloping sides.; 
If it really was an excavation, a similar succession of changes in a reverse 
order shoidd take place when the spot reappeared on the eastern limb. 
This was, in fact, what occurred to the observation of Dr. Wilson. On the 
11th December the spot appeared on the opposite side of the disk. It 
was then distant about 1' 30'''' from the eastern limb. The side of the 
penumbra, next to the limb which formerly vanished, was now wholly 
visible, while that turned towards the centre of the disk appeared to be 
wanting. On the 12th December it came into view, and he saw it dis¬ 
tinctly, although narrower than the other side. He did not see the spot 
again until the 17th December, when it had passed the centre of the disk, 
and the penumbra now appeared to surround the nucleus equally on all sides! 

The interesting facts first announced by Dr. Wilson on this occasion, 
have been fully established by the observations of Sir William Herschel 
and all subsequent astronomers who have directed their attention to the 
phenomena of the solar spots. The conclusion to which they unavoidably 
lead cannot he any other than that which suggested itself to Dr. Wilson, 
namely, that the spots are not on the same level with the rest of the solar 
surf^e, but are depressions below it, formed hy the partial removal of the 
luminous matter which envelopes the dark body of the sun. This was an 




* Phil. Trans., 1774. 
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important step an tlie progress of researches on the solar spots, and it re- 
conameiided itself more especially to the attention of astronomers, inas- 
mneh as it -was not due to any arbitrary assumptions, but was established 
by a rigorous process of inductive reasoning. With respect to the phy¬ 
sical cause which determines the generation of the spots, and the various 
phenomena connected with them, Wilson candidly acknowledged his in¬ 
ability to advance an. adequate explanation ; but he propounded bis views 
on the subject in the form of queries, some of which are not unworthy of 
attention. In order to account for the formation of the spots, he suggests 
whether an elastic vapour might not be generated in the interior of tho 
sun, which, by escaping at the surface, would diffuse itself in all directions, 
and, forcing a passage through the luminous envelope, would expose to 
the eye of an observer the dark body of the sun. This hypothesis, he 
■remarked, would satisfactorily explain the circumstance of the boundary 
between the nucleus and the penumbra being always distinctly visible and 
"well defined. When the action of the vapour diminished in intensit}^ the 
luminous matter, in obedience to the solar gravitation, would flow into the 
excavation, causing it to contract eq[ually on all sides, and thereby giving 
rise to the appearance presented by the diminution of a spot. In order to 
account for the gradual process by which the changes of the spots ap¬ 
peared to be effected, Di-. Wilson supposed the luminous matter of the sun 
to possess rather the consistency of a thick fog than the mobility of a 
fluid or gaseous envelope. The penumbra indicated the sloping sides of 
the excavation, which were supposed to be less bright than the rest of the 
surface, on account of a diminution of lusti'e expei'ienced by the luminous 
matter when it diffused itself over them. With I'espect to the faculie, 
Dr. Wilson imagined them to be, in all probability, merely phenomena 
of light and shade, arising from tumultuous movements in the luminous 
matter, which wei'e occasioned by the intense action of the excavations. 
He adduced in support of this explanation, the remarkable fact, that the 
faculse appear always in the vicinity of spots, and ai'e never observed in 
the polar regions of the sun. 

The foi'egoing speculations of Dr. Wilson, on the origin of the solar 
spots, are very ingenious ; but as they involve the assumption of a gaseous 
vapour, of whose existence we have no proof, they are inadmissible into 
the rank of physical truths deduced by legitimate reasoning from esta¬ 
blished facts, and, therefore, cannot be recognised as really forming a part 
of astronomical science. But apart from the objection that the principle 
to which the phenomena of the spots are ascribed is not a vera causa, the 
hypothesis of Wilson, when submitted to close examination, will be found 
to afford a very inadequate explanation of these phenomena. One impor¬ 
tant defect we shall mention, and it will be unnecessary to point out 
more ; for unless a theory be capable of repi'esenting all the details of a 
phenomenon, it cannot be considered as a true embodiment of natural 
facts. Although the boundary between the nucleus and the penumbra is 
sufficiently well accounted for, the case is very different with respect to the 
exterior boundary of the latter. It is impossible to conceive how a homo¬ 
geneous vaporous substance, such as the luminous matter of the sun is 
assumed to be composed of, could expeiience so striking a change of 
lustre as observation indicates, by a mere change in the inclination of its 
sui’face to the visual ray. That the transition is abrupt and not gradual 
from the nucleus to the penumbi'a, and from the penumbra to the wholly 
luminous region around it, is a feature of the solar spots which has been 
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xemcirked by all astronomers wlio have observed these phenomena, from 
the period of their discovery down to the present day. “ This want of 
graduation,” says Sir John Herschel, “ this sharply-marked suddetmess 
of transition, is altogether opposed to the conception of a susceptibility of 
indehnite and easy mixture, in the luminous, non-luminous, and semir 

luminous constituents of the solar envelope. There is no gradual 

melting the one shade into the other—spot into penumbra—-i;)enumbra 
into full^^^^^ht. The idea conveyed is more that of a successive withdrawal 
of veils,, the partial removal of definite films, than the melting away of a 
mist, or the mutual dilution of gaseous media.” * 

In adverting to the views of Dr. Wilson on the solar spots, it would be 
nnjust to attach to them a degree of importance beyond what they really 
possessed in the author’s own estimation. No philosopher could appre¬ 
ciate more fully than he has done, the essential distinction that exists be¬ 
tween conclusions drawn from an examination of the real phenomena of 
nature, and all mere speculations in physical science, hpl^liver ingem 
probable. In a paper on the same subject, 
municated^ by him to the Royal Societjy, 

yyjth the y|ew of combating certain, objj^tions mged by Dtfdnde dgaihsf 
explanation of the spots being excavations in the luminous matter of the 
sun, we find incidentally thrown oiuyM|fehe follo'^ng series of conjectures 
respecting the origin of the spotsWhether their first production and 
suhseguent numberless changes depend upon the eructation of elastic 
vapours from below, or upon eddies or whirlpools commencing at the surface, 
or upon the dissolving of the luminous matter in the solar atmosphere, as 
clouds are melted and again given out by our air; or, if the reader pleases, 
upon the annihilation and reproduction of parts of this resplendent cover¬ 
ing, is left for theory to guess at.”t Some of these surmises, when at¬ 
tentively, considerod, will be found to be by no means destitute of probability. 
* Allusion has been ruade to an objection urged by Dalande against 
'^ilsonH i^planation of the solar spots. The French astronomer, con- 
ceiying that the supposition of their being excavations, was incompatible 
vnthf certain observations of Cassini and La Hire, came to the conclusion 
that they were rather protuberances existing on the solar surface In 
order to account for their formation, he supposed that the luminous fluid 
which covered the dark body of the sun occasionally subsided, laying hare 
the^ projecting eminences. The nuclei of the spots represented the latter, 
while the penumbrse indicated the smTOundiiig shallows. Without allud¬ 
ing to the numerous defects of this theory, a fatal objection to it is, that 
the penumbra shades insensibly into the luminous region around it. This 
conclusion, as we have repeatedly had occasion to remark, is totally at 
variance with observation. 

In 1776 Bode published a theory of the solar spots. He supposed the 
sun to be surrounded by two atmospheres. One of these was opaque, the other, 
which, was the exterior atmosphere, was luminous. The appearance of a 
spot was occasioned by a partial opening formed in the luminous atmo- 
sphere,. which disclosed to the eye of an observer the dark substratum 
The luminous matter was wholly withdrawn only at the centre 
^ I,aperture, occasioning the appearance indicated by the nucleus of the 
; towards the sides it merely diminished in thickness, and in cons e- 

* Obsenrations at the Cape of Good Hope. 

. -t PhMi TfeBiSi,178i§, p. j Mem. Acad, des Sciences, 1776. . . 
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qoenee exMMted a Mntor lustre, ■whence originated the penumbra. He 
supposed the faculse to he vast undulations in the luminous atmosphere, 
in proof of which he remarked that they were most conspicuous towards 
the luphs of the sun, and ceased to he visible when they approached the 
centre of the disk. This explanation of the solar spots does not differ 
materially from that which had been already advanced by Wilson; nor 
does it remove any of the objections to which the latter is liable. 

The next astrononfer whose researches on the solar spots demffid a brief 
notice is Bif William Herschel. That illustrious individual devoted con¬ 
siderable attention to this subject, and has presented the result of his 
labours in two papers, which appear in the volumes of the Royal Society’*'. 
In these papers the author has given a detailed statement of a multitude 
of interesting facts derived from his observations of the solar spots, and 
has exhibited a complete view of these phenomena which is in the highest 
degree instructive. The conclusions to which he was conducted by his 
researches on this subject are entitled in some respects to be ranked with 
the many other great achievements of his genius. He demonstrated, by 
means of his admirable observations, that the spots are real depressions in 
the surface of the sun, and that the faculm are elevations above the 
ordinary level. He supposed, also, in common with several astronomers 
who preceded him, that the sun^is an opaque mass surrounded by a 
luminous atmosphere. He maintained, however, that this atmosphere 
cannot be either gaseous or fluid; for on either of these suppositions, the 
luminous matter would flow with great velocity into the depressions, and 
would occasion an almost instantaneous disappearance of the spots, instead 
of a gradual diminution as observation indicated. He remarked, also, 
that the existence of faculse is incompatible with the mobility of a fluid or 
gaseous substance; for these luminous ridges sometimes continue to main¬ 
tain themselves for several days at a considerable elevation above the 
ordinary level of the solar surface. In order to account for the various 
appearances of the spots, he supposed the sun to be surrounded by a tran-. 
sparent atmosphere, in which are suspended two distinct strata of clouds 
at different elevations. Tlie upper stratum is composed of self luminous 
clouds, which constitute the source of the solar light. The lower stratum 
is composed of opaque clouds, which shine only by the reflexion, of the 
luminous regions above them. They are denominated by Herschel the 
planetary clouds, on account of their supposed resemblance to the cloula 
oi the terrestrial atmosphere. The solid nucleus of the sun is effectually 
protected from the intense light of the luminous regions by the inters 
position of the planetary clouds. When corresponding apertures are 
formed in both strata of clouds, the dark body of the sun is perceptible 
through them, and gives rise to the appearance of a spot. If the apertures 
be of equal magnitude, the substratum will present an appearance of 
uniform blackness, and will therefore indicate a nucleus without a penum¬ 
bra. If the aperture in the upper stratum be wider than that in the 
lower, a portion of the latter will be seen surrounding the dark body of 
the sun; but as it shines only by reflexion, it will exhibit a fainter lustre 
than the luminous regions, and therefore the appearance in this case will 
be that of a nucleus surrounded by a penumbra. If there be no aperture 
in the stratum of the planetary clouds, the appearance will manifestly be 
that of a penumbra without a nucleus. In order to account for the for- 


* Phil. Trans., 1795-1801. 
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i3aa1a<>a & H«rscbel supposed a highly elastic gas to he 

^ehei^ted iu the solid body of the sun. This gaseous substance ascends in 
’virtue of its inferior specific gravity relative to the solar atmosphere, 
fOarcing a passage through both strata of clouds, and exposing to the eye of 
mat observer the dark body of the sun. When it reaches the luminous 
regions, it enters into combination with other gases, whence result deoom- 
positionf^hich give rise to faculae, and cause the solar surface generally 
to assume a mottled appearance. • 

It is scarcely necessary to state that any theory which involves the 
agency of a principle, of whose existence we have no positive proof, cannot 
he recognised as forming a part of the general body of science. The 
hypothesis of an elastic gas to whose energy the formation of the solar 
spots is mainly ascribed in the foregoing explanation, may or may not be 
true; but in the preseilt state of our knowledge it can only be regarded as an 
arbitrary assumption, which possesses no stronger claims to ohr aebeptanoe 
than many O'ther similar hypotheses' that' might be'hdd'U^j^iS'';/;' 

■; It. is necessary, therefore.^ ' tp 'draw' ai brphd 
pnrs^y' spesoulative' viewS"'’of 'rSir.WSIMam^'Berse&ei oh' 

iini|!phtant; (XJihdusions to'w haP beien conducted by fdasOning from 

eoiaMishi^ fects. Indeed, it is <iuite clear that the illustrious astronomer 
himself did not attach any value to hi^^ypotliesis of the generation of the 
spots; beyond what it possessed as a convenient medium of connecting to¬ 
gether the various results at which he had arrived in the course of his 
more rigorous researches The latter were pursued in the true spirit of 
inductive investigation, and the results constitute a valuable contribution 
to our knowledge respecting the interesting subject to which they refer. 
The facts upon which he has established the existence of two'distinct strata 
of clouds in the solar atmosphere were exhibited by him in a very clear 
light; and the reasoning by which he fortifies that conclusion appears to 
he quite unexceptionable. This step had the effect of conducting him to 
am exjdanation of the penumbra of the solar spots—^phenomena which all 
pscecedihg astronomers had signally failed to render a satisfactory ac- 

The geometrical relation of the nuclei of the solar spots with respect to 
the lummous surface, was first pointed out by Wilson. For a similar 
explanation of the penumbras, astronomy is indebted to Herschel. With 
respect to the faculae, the just surmises of Wilson and Bode were 
fully established by Herschel, on facts derived from accurate observa¬ 
tion. A consistent view of the solar spots was thus obtained by a strict 
process of inductive reasoning. It still remained to render a legitimate 
account of the origin of these phenomena, by referring them to the 
operation of some really existing physical cause. Some interesting spe¬ 
culations designed to accomplish this object appear in Sir John HersclieTs 
recent work, containing the results of his observations at the Cape of 
Oood Hope. That distinguished philosopher justly remarks that, wdiat- 
ever be the cause of the spots, it is very evident that these phenomena 


remark, the following passages may be cited from the papers 
1801. “ They (the luminous clouds of the sun) plainly exist, because we see 

the m^ner of theic being generated may remain an hypothesis, and mine, till a 
icam '’..bi^^l^roposed'.^ may stand good j but whether it does or not, the consequences I 
fe fifom what has been said, will not be affected by it.”—P/z£?. Trans.y 
'v^T'-I. ■ , however, well prepared to distinguish between facts observed, and 

easy to sep«^«te% if dmt should be hereafter required.”— rM2. Trans., 1801, p. 303. 
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have an mtimate cormexion with the rotation of the sun about his axis. 
The remarkable fact of their absence from, the polar regions, and their 
confinement to two zones, extending to about 35° on each side of the 
equator^ with ^n intermediate equatorial belt in which they are more 
rarely perceived, appears to him to'afFord an indubitable indication that 
they derive their existence from circulating movements in the atmospheric 
fluid which encompasses the sun, depending on the rotation of ,|h body 
about its axis, by a relation similar to that which connects the system of 
terrestrial trade and anti-trade winds with the earth’s rotation. Now if 
any cause can be assigned which is capable of creating a circulation of the 
atmospheric fluid between the equator and the poles, the effect of the 
sun’s rotation will be to modify the currents so produced—as the trade 
winds and monsoons on the surface of the earth are modified—and to dis¬ 
pose all the meteorological phenomena which accompany them as their 
visible manifestations into two zones parallel to the Equator, with a calm 
equatorial zone interposed. The question then arises, where are we to 
discover the exciting cause of such circulations in the fluids of the solar 
atmosphere ? With reference to this point. Sir J. Herschel remarks 
that the trade winds are occasioned by the unequal effects of the 
solar rays in heating the equatorial and polar regions of the ter¬ 
restrial atmosphere ; but, as no such external cause exists in the 
present case, we are necessarily led to look for the soume of circulation in 
the economy of the sun itself. He then proceeds to state that if there can 
be assigned any physical difference in the constitutions of the equatorial 
and polar regions of the sun, which tends to repress the escape of heat in 
the one of these regions, and to favour it in the other, the effect will he the 
same as if these regions were unequally heated and all the phenomena of 
trade winds mutatis mutandis must arise. Before proceeding to a further 
exposition of his views, he takes this occasion to remark that the exist¬ 
ence of a solar atmosphere cannot admit of any doubt. He adduces 
in support of his assertion the deficiency of light exhibited by tho border 
of the solar disk, whether when viewed through coloured glasses, or by 
projecting its image on white paper. But a phenomenon which appears 
to him to establish still more conclusively the existence of such an atmo¬ 
sphere, is that which was witnessed during the total eclipse of the sun which 
occurred on the 8th of July, 1842*. On that occasion there appeared 
three rose-coloured protuberances of immense size projecting from the 
dark limb of the moon, which could not have been any other than clouds 
floating in, and sustained by, a transparent atmosphere enveloping the 
sun. To what distance from the surface of that body this atmosphere 
may extend, it is difficult to ascertain with precision; but, from the de¬ 
ficiency of light exhibited by the exterior part of the disk being gradual, 
and also perceptible at some distance within the margin, he is induced to 
suppose that it must be considerable, not merely in absolute measure, but 
as an aliquot part of the eun's radius. Admitting, then, the existence of 
such an atmosphere, thalaws of equilibrium will cause it to assume the 
figure of an, oblate spheroid, and the gaseous envelope so formed being 
thicker round the equator than at the poles, a different obstacle will bo 
opposed to the escape of heat from the equatorial and tho polar regions of 
the sun. The manifest result will he, that an habitual diflerence of tem¬ 
perature will prevail in the two regions. 

* For interesting accounts of this eclipse, drawn up from peraonal observation, see 
papers by Baily and Airy, in vol. xv. of the “ Memoirs of the Astronomical Society,” 

Q 
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The spots, in this view of the subject,” says the illustrious astronomer 
referred to, “would come to be assimilated to those regions on the earths 
surface in which, for the moment, hurricanes and tornadoes pr^ail—the 
upper stratum being temporarily carried downwards, displacing by its 
petus the two strata of luminous matter beneath (which may be conceived as 
forming an habitually tranquil limit between the opposite upper and under 
ourrentsi. the upper, of course, to a greater extent than the lower, and 
thus wholly or partially denuding the opaque surface of the sun below. 
Such processes cannot be unaccompanied with vorticose motions, which, 
left to themselves, die away by degrees and dissipate', with this peculiarity, 
that their lower portions come to rest more speedily than their upper, by 
reason of the greater resistance below, as well as the remoteness from the 
point of action, which, lies in a higher region, so that their centre (as seen 
in our watenspouts, which are nothing but small tornadoes) appears to 
retreat upwards. Now, this agrees perfectly well with what is observed 
during the obliteration of the solar spots, which appear as if filled m by 
the collapse of their sides, the penumbra closing in upon the spot nnd dis¬ 
appearing after it.”* . ...i 4 . 1 , 

The views contained in the foregoing passage are eminently worthy 
of attention. It is remarkable that no preceding astronomer attempted to 
estabhsb a connexion between the origin of the solar spots and the rotation 
of the sun on his axis, although the intimate relation which appeared to 
subsist between the situation of the spots and the solar equator, pointed 
very unequivocally the mutual dependence of the two phenomena. l>r. 
Wilson, in a paper already cited, alludes to the invariable appearance of 
spots in the regions near the solar equator, as a remarkable fact of which 
he was unable to offer any explanation It is curious, however, to hud 
among a series of conjectures thrown out by him respecting the origin ot 
these phenomena, an idea analogous to that propounded in the above passage+. 
His allusion t® their possible generation by means of whirlpools in the 
• m e noing' .from the surface, in common with his other 

nontatures on the shews that he possessed no inconsiderable 

of the imaginative faculty which is so necessary in all physical specu¬ 
lations ; but, whatever degree of truth may eventually turn out to be in¬ 
volved in this surmise, be cannot be entitled to any credit on its account, 
since be was unable to discover any physical connexion between it and the 
subject of investigation. The explanation proposed by Sir Jobn Herscbel 
is valuable, inasmuch as it exhibits the solar spots in the chaiacter of dy¬ 
namical consequences flowing from the operation of established principles 
in physics. It is one of those conceptions of genius which, being formed by 
a comprehensive and luminous view of the mutual relations of facts accurately 
observed, rather than suddenly suggested by the sallies of a lively but 
wayward imagination, is found not unfrequently to constitute the germ of 
a theory of indisputable rigour. The distinguishing character of all those 
speculations in science which have facts for their basis consists in their 
tendency to promote further research. By a comparison of their results 
mth those deduced from actual observation, the fundamental principles 
mpdi^ed, and a further advance is made towards a true explanation of 
;^e, phenomena w form the groundwork of inquiry. In the present 
the question whet^ the spots recur periodically in the same 
premse localities of the solar regions, acquires additional interest from the 

* JEteswilite ofiAstironomieal Qbseryatioias at the Cape of Good Hope, p. 434. 

t Seep. 322. 
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hypothesis of their origin advancecl in the foregoing passage, and suggests 
the expediency of a continued prosecution of attentive observations of the 
spots. By these means it is to. be hoped that some light will be thrown 
upon the real nature of these mysterious but singularly interesting pheno¬ 
mena, which, in its turn, will lead to a more accurate knowledge of the 
physical constitution of the sun. 

We have mentioned that Sir William Herschel, in his theory of the 
solar spots, supposes the. solid nucleus of the sun to be effectually 
screened from the luminous clouds of the superior regions by the interpo¬ 
sition of the planetary clouds which possess the property of reflecting the 
rays thatfall upon them. That the clouds of the lower regions shine only by 
reflection, he infers from their constantly exhibiting a faint and uniform 
colour; and that they form a Gontirmous envelope, round the nucl©.us of the 
sun, appears to him equally manifest from his being enabled; by means of 
his powerful telescopes, to discover them through the minute fissures hy 
which every part of the luminous surface of the sun is intersected He 
considers, therefore, that, notwithstanding, the circumstance of the lumi¬ 
nous atmosphere of the sun being the source from which light and heat 
are dispensed in all directions, the solid nucleus of that body may be con¬ 
stantly maintained at a moderate temperature. Proceeding upon this view 
of the physical constitution of the sun, he comes to the conclusion that the 
central body of the planetary system is eminently fitted to be the abode of 
animated beings., and that in fact it offers the example of a magnificent self* 
luminous planet. This opinion has been ably controverted by one of the 
most illustrious philosophers of the present age.—It is indeed incon¬ 
ceivable,” says Sir David Brewster, ‘^that luminous clouds, yielding to 
every impulse, and in a state of perpetual change, could bo the depository 
of that devouring flame, and that insupportable blaze of light, which are 
emitted by the sun; and it is still more inconceivable that the feeble 
barrier of planetarj^ clouds could shield the subjacent mass from the de¬ 
structive elements that raged above.” According to the opinion of the 
eminent authority just quoted, the heat and light of the sun derive their 
origin from two distinct sources. The luminous rays are einitUid from the 
phosphorescent mantle which constitutes the exterior envelapo of the sun, 
while the calorific rays proceed wliolly from tho opaque luicleus. Our 
limits will not allow us to notice the ingenious argumenta-which tb© author 
of this explanation adduces in its support f- Unfortunately our know¬ 
ledge of the nature of Loth heat and light is so obscure, that every attempt 
hitherto made to form an hypothesis respecting the physical | cpnstitulion 
of the sun, appears to be beset with insuperable difllculties.. 

It is remarkable that, at so recent a period as that of the discovery of 
the solar spots, astronomers were unacquainted with any method by 
which the sun might be viewed without injury to the eyes. Appian, 
an astronomer of the fifteenth century, had indeed pointed out the utility 
of coloured glasses for this purpose, but the hint appears to havo been 
entirely lost sight of by his successors. Fabrioius observed the solar 
spots either by introducing the sun’s rays through a small aperture into 
a dark room, and projecting his image on a piece of white paper, or by 
viewing him directly through thin clouds and vapours when he was near 
the horizon. He recommends all those who purpose making dii’oct obser¬ 
vations of the spots to admit to the eye at first only a small portion of tho 

• Phil, Trans., 1802, p. 294. 

•f See Brewster’s Edin. Encyclop., Art. “ Astronomy." 
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solar ligM, and to increase the q^uantity gradually, until the visual organ 
becomes so habituated to the effulgence of the light as to be capable of 
viewing with impunity the whole of the solar disk. G-alileo was equally 
ignorant of any method of observing the sun except that which consisted 
in taking advantage of his horizontal position when rising or setting. In 
a postscript added to his second letter to Welser, he alludes to an immense 
spot which appeared on the centre of the sun’s disk, and which he, as 
well ais many others to whom he shewed it, was enabled to perceive with 
the naked eye at sunset, on the 19th, SOth, and 31st of August, 1613*. 
Scheiner appears to have been the first observer who reduced into 
practice the method suggested by Appian. In a dissertation on the solar 
spots, which he published in 1613, he remarks that the sun may be 
viewed at any altitude by placing before the telescope a piece of glass, of 
a green or azure colour. He adds that this is the method practised by the 
Dutch mariners, when they wish to determine the altitude of the sun. A 
decided improvement of this method was fitrst indicated by Tarde,‘ a 
Frenchman, who published a work on the solar spots in 1630. He, states 
that when he observed the spots he placed a thick piece ©f blue or green 
glass between his eye and the eye-glass of the telescoj)e. By placing the 
coloured glass in this position, the indistinctness of the image arising from 
impurities in the structure of the glass, or an imperfect parallelism of its 
surfaces, was in a great degree removed. 

The theory of the moon’s motion is a subject of so much importance, 
that the attention of astronomers is constantly directed to its improvement. 
We have already alluded to a method assigned by the theory of gravitation 
for determining the distance of the moon from the earth. By means of 
the formulae of Laplace, Burchardt (assuming the moon’s mass to be -^ 5 - 
of the earth’s) found that the constant part of the lunar parallax under the 
equator amounted to 57' 0 ''. Damoiseau determined the moon’s mass to 
be th© ^eassrof the earth being represented by unity, and hence de¬ 
rived 67' €>''’'9 fer the constant of parallax. Plana makes the mass 
(and Wnce c^ the parsdlax under the equator to be 57' 3"‘l. 

A more obvious method of ascertaining the horizontal parallax of the 
moon is founded upon a comparison of her apparent positions as deter¬ 
mined simultaneously at different places on the surface of the earth. One 
of the principal objects of Lacaille’s voyage to tbe Cape of Good Hope 
was to make observations of the moon for this purpose. By comparing 
his results with simultaneous observations made at different places in 
Europe, and assuming the ellipticity of the earth to be he obtained 

67' 13"*1 for the constant part of the moon’s equatorial parallax. This 
is equivalent to a parallax of 57' 4"*6, if the ellipticity be supposed equal 
to Lalande, by comparing Lacaille’s observations at tbe Cape of 

Good Hope with simultaneous observations made by himself at Berlin, 
fixed it at 57' 3 "*7. Biirg determined it to.be 57' 1 " by a similar com- 
qparison of Lacaille’s observations with corresponding observations made 
at Greenwich. Henderson, during his residence at the Cape of Good 
.Hope in the years 1833 and 1833, determined a great number of decli- 
nlations of the moon, with the view of arriving at a more accurate value of 
Ads elem^t. B.y a comparison of his own observations with others, made 
■maiKdltasueomsly at GreenwuGh and Cambridge, h^ obtained 67' l "-8 for the 

paraUax-f. This gives for the value of the 

^ Istoida et Dimostirazione intorao alle Macchie Solari, p. 56. 
f Iteaa. Aa. 4S6 c., voL x-, p, 394. 
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moon’s tnass. Mr. Airy, l>y a discussion of the totality of the Greenwich 
observations, instituted subsequently to their recent reduction upon a uni¬ 
form plan, has determined the constant part of the equatorial parallax to 
be 6T 4r"*94. This value, considering the broad basis upon which it rests, 
is more entitled to confidence than any other which eistronomers have 
hitherto arrived at. 

In consequence of her proximity to the earth, the physical consti¬ 
tution of the moon offers to astronomers a more favourable subject of re¬ 
search than that of any of the other celestial bodies. Galileo’s discovery, 
that her surface is diversified with mountains and valleys, like the sur¬ 
face of the earth, was one of the many signal triumphs which that 
illustrious philosopher achieved in favour of the Copernican system of 
the world. He concluded, from his observations, that the mountains of 
the moon are much higher than those of the earth, when the relative 
magnitudes of the two bodies are taken into account. Many of them, 
according to his estimation, attain an elevation of four or five miles 
above the surrounding plains. Hevelius, Riccioli, and more recently 
Schroeter, were conducted by their respective observations to similar con¬ 
clusions. Sir William Herschel did not discover any grounds for ascrib¬ 
ing such an enormous height to the lunar mountains. He inferred, from 
his observations, that with a few exceptions they did not exceed half a 
mile in height. This conclusion is undoubtedly more consistent with 
analogy than that which assigns a higher elevation. It must be admitted, 
however, that the recent researches of MM. Beer and Madler, on this 
subject, go to support the remarkable results of Schroeter and the more 
ancient observers. These astronomers have determined the heights of 
1093 lunar mountains, principally by means of micrometrical measures of 
the lengths of their shadows, and have found several of them to attain an 
elevation of four miles above the neighbouring plains 

The numerous spots which appear on the surface of the moon when 
viewed with the telescope, besides being calculated to tlirow light on the 
physical constitution of that body, are of some utility in observations of 
eclipses, and on this account several astronomers liavo devoted conside¬ 
rable attention to a careful delineation of their relative positions. Charts 
of the telescopic appearance of the moon were first executed by Scheiner, 
but Langrenus, Oosmographer of the King of Spain, was the first person 
whose labours on this subject deserve notice. He constructed, and even 
actually engraved, thirty maps of different portions of the lunar surface, 
founded on observations made by himself with a large telescope, at Madrid 
and Brussels. It was he who introduced the practice of naming the dif¬ 
ferent spots after mathematicians, philosophers, and otlier eminent men. 
Hevelius about the same time devoted four years to assiduous observa¬ 
tions of the lunar spots and delineations of their various configurations. 
He rejected the nomenclature of Xiangrenus, and named the spots after 
continents, seas, islands, and other objects on the earth’s surface to which 
he conceived they bore a resemblance. Riccioli was the next astronomer 
who constructed charts of the lunar surface. He restored the principle of 
nomenclature adopted by Xangrenus, but, instead of distinguishing the 

* The following are the elevations of a few of the princiiial lunar mountains, as deter¬ 
mined by MM. beer and Mtidlcr:—Ddrfel, 23,174 feet; Newton, 22,141 feet; Cns- 
satus, 21102 feet; Curtius, 20,632 feet; C.’illippus, 18,946 feet; Tycho, 18,748 feet. 
A mile contains 5280 feet. The four highest of these mountains, tiu'n-fore, attain seve¬ 
rally an elevation of about four miles. The other two are about half a mile lower. 
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spots by the names of great men indiscriminately, be employed for this 
purpose only the names of eminent astronomers of ancient and modem 
times. In 1699 Cassini executed a chart of the full moon. The positions 
of the spots were determined by means of his own observations of eclipses. 
Delineations of the moon’s appearance have also been executed by Schroeter, 
Tiohrmann, and other observers. The most recent work of this kind is the 
elaborate representation of the lunar surface by MM. Beer and Madler. 

The question whether the moon be surrounded by an atmosphere, has 
been much discussed by astronomers. Various phenomena are capable 
of indicating such an atmosphere, but, generally speaking, they are found 
to be unfavourable to its existence, or at all events they lead to the con¬ 
clusion that it must be very inconsiderable. Prom the uniform appear¬ 
ance presented by the lunar spots, when viewed from time to time with the 
telescope, it is reasonably supposed that they are not liable to be occasion¬ 
ally obscured by the interposition of dense clouds between them and the 
earth, like the different portions of the earth’s surface ; and on this ground 
it has been maintained that the moon cannot be encompassed by a gaseous 
fluid, analogous in its properties to that which encompasses the earth. 
Bfevelius indeed, who devoted many years to assiduous observations of 
the moon’s surface, has remarked that the spots sometimes appeared to be 
less bright and less regularly defined than they usually were, even when 
the air was so clear as to allow stars of the sixth and seventh magnitudes 
to be distinctly visible *. His assertion, however, has not been borne out 
by tbe more searching observations of succeeding astronomers, and there¬ 
fore it is not entitled to any weight in discussing so delicate a point as the 
existence of a lunar atmosphere. 

The occultations cf stars hy the moon have hitherto afforded only 
very slight indications of an elastic fluid enveloping the lunar sur¬ 
face. If such a fluid really exists, it manifestly follows that, when the 
moon approaches within a very small distance of a star previous to occult- 
iiig it, the Star ought to exhibit a sensible change of colour and diminu- 
tiodL bf lustre, in consequence of the rays proceeding from it to the eye of 
the observer being partially absorbed in the course of their passage through 
the lunar atmosphere. Observation is, generally speaking, at Variance 
with this conclusion, the star being found, in most cases, to retain its 
ordinary colour and brightness until it actually arrives at the moon’s 
limb. There is not wanting high authority, however, in support of an 
occasional obscuration of the light of the star. On the 97 th March, 
1811, M. Arago witnessed at the Royal Observatory of Paris, the occulta- 
tion of a small star in the constellation Taurus. The star, as long 
as it continued to be visible, retained its usual colour, but it exhibited a 
very sensible diminution of brightness during a short time previous to its 
immersion. The occultation took place at the dark limb of the moon, which 
was only four days old. The dimness of the star could, therefore, hardly 
be ascribed to the overpowering glare of the moon’s light. On a subse¬ 
quent eccasion the same eminent astronomer perceived that the star 49 
£ibr«e commenced to diminish in lustre three or four seconds previous to 
ita immersion. Similar instances of obscuration have also been occasion- 
observed by other astronomers, but as tbe phenomenon is not gene- 
ral ' of a lunar atmosphere cannot be considered to be 

establia'h^ hy tt. . There is another phenomenon attending the occulta¬ 
tions of analogop-s to that already mentioned, which has been found 

* Cometoi^aphia, p. 363. 
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to afford eimiTar indication® of a lunar atmosphere without placing the 
question of its existence beyond all doubt. When the star comes up 
to the moon, it is observed frequently to hang on the margin of the 
disk for several seconds previous to its disappearance. An effect ana¬ 
logous to this would manifestly he produced by tbe interposition of the 
denser strata of the moron's atmosphere between tbe star and the observer. 
On the occasion of the first of the two observations of M. Arago, above 
cited, the star appeared to adhere to the moon’s limb for the space of three 
or four seconds after it was perceived to he in contact with it-' This 
circumstance could not he ascribed to the effect of irradiation, since the 
oecultatiom took place at the dark limb of the moon, which was visible by 
means of the luniiere cendr^e, or reflected light of the ea9?th.* INumerou® 
simil a r instance® of the star’s adherence to the limb of the moon have 
been recorded by astronomers, but, as in the case of a diminution of lustre^ 
the phenomenon is not general. In the vast majority of occultations the 
star comes up to the limb of the moon, and then disappears instantaneously.- 
Its occasional adherence to the limb cannot be admitted, therefore, to af¬ 
ford any conclusive proof in favour of a lunar atmosphere. There is a third 
circumstance connected with the pheno-mena of occultations which is cal¬ 
culated to throw light upon this interesting question. It is manifest that 
if the moon be surrounded by an atmosphere, the refractive power of the 
latter would cause a star to he visible during a short time subsequent to 
its immersion, and also during an equal lapse of time previous -to its 
emergence. The interval, therefore, which elapses between the disappear¬ 
ance of the star at the moon’s limb, and its subsequent re-appearance at 
the opposite limb, ought to be less than the time which the moon takes to 
describe an arc equal to her apparent diameter, by twice the horizontal re¬ 
fraction of the lunar atmosphere. When the interval, however, is-calcu¬ 
lated by means of the theory of the moon’s motion and her apparent dia*- 
meter, corresponding to the time of occultation, tJie result is found to ex¬ 
hibit an exact accordance with tliat derived from • direct observation. It 
follows, therefore, that if the moon really be surrounded by an atmospliore, 
its refractive power must be very inconsiderable.. 

The occultation of a planet by the moon suggests a peculiar mode of 
testing the existence of a lunar atmosphere; in addition to tlios© 
already alluded to, which are also applicable to tliei’ fixed stars- When 
the planet has so nearly approached the moon as to. be almost in 
contact with her limb, the rays issuing from tho margin of'its disk will 
manifestly undergo different degrees of refraction in the course of their 
passage through the lunar atmosphere, and an apparent distortion of its 
figure will he the necessary consequence. Observation, however, does not 
afford any indications of such a phenomenon. In 1679 Cassini and ha 
Hire witnessed an occultation of Jupiter by the moon, and they found that: 
from the time of the planet’s approach to the limb until its complete dis¬ 
appearance it did not exhibit tbe slightest indication of a change of figure *=. 
Similar phenomena have been observed by modem astronomers, but on no 
occasion has any distortion of the round appearance of the planot been 
distinctly discernible. 

The phenomena of solar eclipses have also been employed by astronor 
mers for the purpose of establishing the existence of a lunar atrnosphero. 
When the dark body of the moon is projected upoji tlui luminous disk of 


* Anc. M^tn. Acad, des ScienceB, tome i., p 
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tli6 sun, til© rays of light pTOceeding from those parts of tih© sun which. 
Sjre apparently contiguous to the lunar disk, will necessarily graze the 
moon s surface, and if a lunar atmosphere exists, they ought, by the in¬ 
flexion TJ^ich they suffer in passing through it, to distort the visible por¬ 
tion of the solar disk, and to cause the phase of the eclipse corresponding 
to any assigned instant to be different from what it would be according to 
the^theoines of the solar and lunar motions.. Prom observations of a solar 
eclipse which took place in 174=8, Euler concluded that the horizontal re- 
fraction of the^ lunar atmosphere amounted to 30'' h«. His researches, 
however, were moomplete, inasmuch as he took no account of the effect of 
irradiation, which, hy causing an apparent enlargement of the solar disk, 
might be expected to exercise a perceptible influence on the phase of the 
eclipse. The latter is, in fact, modified by two distinct causes, which are 
so interwoven in. their operation, that it is impossible to investigate the ef¬ 
fects of the one without taking simultaneous cognizance of those of the 
other. In order to ascertain whether the phenomena of solar eclipses 
were capable of affording any indications of a lunar atmosphere, Eu Se- 
jour, a Prench astronoiner of the last century^ undertook a rigorous inves¬ 
tigation of the subject, founded on observations of the solar eclipse of 
1.76:4. He introduced the -effects of irradiation and inflexion into his re¬ 
searches in fhe shape of two unknown quantities, and then, by means of 
equations of condition., which it was necessary that they should satisfy, he 
determined the. values of them which accorded best with the totality of the 
o^ervations. ^ The eondlusion at which he finally arrived was, that the 
effect of irradiation amounted to S^', and that the inflexion which, the solar 
rays suffered in passing through the lunar atmosphere amounted to an equal 
quantity. This giwes for the mean horizontal refraction of the lunar 
atmosphere. The mean refraction of the terrestrial atmosphere at the 
horizon amounts to-84', a qjuantity wdiich is 1400 times grea^r than l''*5. 
It hence.'follows, tbat the luhart atmosphere .is l,40'0,;tipse®‘raier'i;tihan com¬ 
mon .ateu^phiefio .law,, and :co.ns©queaa.tly,it exceeds. .:in-this-rjesp^Ct'the mO'St 

f erfe^ vacuum.which has been hitherto formed by means of the air-:pump. 

ti appears, therefore, from the phenomena of solar eclipses, that, if a lunar 
atmosphere really exists^ it is quite inconsiderable when compared with the 
terrestrial atmosphere. 

A.uzout first remarked that the moon could not be surrounded by sn 
atmosphere without possessing also a twilight f. This effect ought to 
manifest itself in a faint light, extending to a short distance within the 
unenlightened part of the lunar disk, and thereby rendering a narrow strip 
of it visible, although not directly illuminated by the solar rays. Astro¬ 
nomers having failed to discover any indications of such a phenomenon, it 
was ^concluded, that the moon could not be encompassed by a fluid capable 
of dispersing and reflecting tbe sun’s rays. The appearance, however, was 
at length recognised by Schroeter, who was enabled to deduce from it the 
existence of an atmosphere of a small refractive power J. When the moon 
exhibited a very slender crescent, he discovered a faint crepuscular light, ex¬ 
tending; from each of the cusps along the circumference of the unenlightened 
pa^ of the disk. Its length was 1' 30", and its greatest breadth, 3". By 
data he found that the,,height of the lunar atmosphere, con- 
It was capable of affecting the brightness of a star, or caus- 

* M^hq. Acad. Berlin, 1748. 

t Sciences, tome vii., p. 106. 
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iBg a seasible imflexioii of tli© rays of light proceeding from a celestial body, 
did not exceed 6376 feet. An atmosphere of such a height would form a 
zone round the circumfereiace of the lunar disk, the apparent breadth of 
which would amount only to 0'94'''. The moon would describe this arc in 
less than two seconds of time. This circumstance has been adduced by 
Schroeter as afiibrding a sufficient explanation of the difficulty of detecting 
any traces of a lunar atmosphere in the phenomena of occultations and 
eclipses. 

In conseq[uenoe of the intense lustre of Mercury, and its constant vicinity 
to the sun, astronomers have experienced great difficulty in arriving at 
any reliable results respecting its physical constitution. According to 
Schroeter the planet is surrounded by an atmosphere of considerable density. 
The same astronomer concluded, from his observatious, that there exist 
very high mountains on its surface. It would appear, from the results at 
which h^e arrived, that the mountains of this planet are much loftier than 
those of the Earth, or the Moon, the relative magnitudes of the several 
bodies being taken into account. He estimated the height of Chimborazo 
in South America at Earth’s radius ; the highest mountains 

of the Moon at of the lunar radius; and those of Mercury at ®f 
its radius. He also found, by careful observations of the phases of the 
planet, that it revolves about an axis inclined at a considerable angle to 
the ecliptic. He determined the period of rotation to be ^4*' 6™ JK)*. 

Since Mercury appears to have a rotatory motion, it might b© reasonably 
supposed that her figure would not be that of an exact sphere. Schroeter, 
however, could not discover any trace of ellipticity in the appearance of 
the planet. The observations of Sir William Herachel conducted him to 
a similar conclusion. That illustrious astronomer observed the transit of 
the planet which took place in November, 1808, but, although he devoted 
great attention to the appearance of the disk, he w'as unable to persuade 
himself that it exhibited even the slightest deviation from a circular form*. 
He therefore came to the conclusion that, unless the polar axis was turned 
towards the earth, the planet did not possess any sensible ellipticity. It 
appears, however, from recent micrometrical measures cxeciiKnl by tlio 
Hev. Mr. Dawes on the occasion of the transit of November, J84H, that 
the figure of the planet is really spheroidal to a small extent. The mean 
of several results, obtained by different methods of measurement, indicated 
an ellipticity equal to 

One of the most interesting of the various phenomena which disclosed 
themselves to the admiration of Galileo, when ho first directe<l the tele¬ 
scope to the heavens, was the appearance presented by the planet 'Venus. 
When observed near her inferior conjunction she exhibited a slender 
crescent of light, like the moon when she is a few days old. As she re¬ 
ceded from the position intervening between the sun and the earth, the 
phase continued to increase in magnitudo until, upon approaching her 
superior conjunction, she acquired a round ajvpearanco, like the full moon. 
The conclusion was irresistible, that the planet was an opa<juo body, 
which owed its luminous appearance solely to its power of rcfloctiiig tlio 
solar rays which fell upon its surface. An important point, of rcscmhlaiun^ 
was thus established between it and the earth, which formed l.lio ground 
of an argument of overwhelming force in favour of the Ct)j)(.‘rnieHn system 
of the world. 




Phil. Traj>s., 180;3, p. 217. 
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in tibe csaae of Mercury, the intense lustre of this beautiful planet 
has proved a serious obstacle to astronomers, in their attempts to arrive at 
Sorde knowledge respecting its physical constitution. In the years 1666—7 
Cassini, while still residing under the clear sky of Italy, devoted his atten¬ 
tion to a searching examination of the planet, with the view of detecting pe¬ 
riodic changes in its appearance which might indicate a rotation on an axis. 
On the 21st April, 1667, he at length discovered a bright spot, which, 
when watched for some time, was found to return to the same position on 
the disk of the planet at successive intervals of about 23 hours. This would 
indicate a rotation of the planet agreeing very nearly with the diurnal mo¬ 
tion of the earth. Cassini* however, was unable to follow the spot through¬ 
out an extent of its course sufiBiciently large to enable him to ascertain 
positively whether its change of position arose merely from a libratory mo¬ 
tion of the planet, or from a complete rotation on an axis. Upon a subse¬ 
quent occasion, during his residence in France, he resumed the examination 
of the planet, with the view of perfecting his previous researches, but al¬ 
though he strove, with great perseverance, to detect the spot on its disk 
which was visible in Italy, all his efforts were fruitless. In 1726 Bianchini, 
the domestic prelate of the Pope, commenced an examination of Venus at 
Borne, with a powerful telescope constructed by the celebrated Campani, and 
soon succeeded in detecting several dark spots on the disk of the planet, the 
motion of which he continued for some time to watch with great attention. 
The conclusion he arrivdd at was somewhat anomalous. He announced 
that the changes in the positions of the spots could not be satisfactorily 
accounted for without supposing a period of rotation amounting to 24*^ 8^. 
The researches of astronomers on the rotation of the planet formed the 
subject of a critical discussion by J. Cassini. He remarked that the con¬ 
tinuity of Bianchini’s observations was interrupted by the interposition 
of the Barbarini Palace, which every night concealed the planet from him 
for some time- Adopth^ a hypothesis founded on this chasm in the ob- 
servations, he shewed that if the period of rotation be supposed equal to 
2S*^ the observations of his father as well as those of Bianchini may 

be equally well satisfied; but he remarked that if the period of 24<i 8*^ be 
admitted, his father’s observations must be rejected as totally worthless*. 

The value assigned by Cassini to the period of the rotation of Venus has re¬ 
ceived a complete confirmation from the researches of modern astronomers- 
In 1789 Schroeter, having undertaken a careful examination of the planet 
- with a seven-feet reflector, discovered a luminous point in the dark hemi¬ 
sphere, a little beyond the southern horn, indicating the existence of a 
high mountain* By continuing for some time to direct his attention to 
the periodic changes of this object, he was finally enabled to deduce from 
them the conclusion, that the planet performs a complete rotation on its 
axis in a period amounting to 28*^ 21”^ 19®. This result agrees with that 
recently arrived at by the late Sig. Be Vico and his associates, of 
the Observatory of the Homan College. In 1839 they commenced 
a series of observations of Venus with a magnificent refractor by Cau- 
choix. In order more effectually to obviate the inconvenience arising 
from the intense lustre of the planet, the examination was conducted 
th day time-f*- Tlie ancient spots observed by Biancb-ini were 
speedy re-discovered, and were found to possess the precise forms assigned 
* d’Astronomie, p. 526. 

A ^ of observing the planet was employed by La Hire. See Mem 
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to them by that astronomer. P^be final conclusion was, that tbe planet 
performs a complete rotation on its axis, in a period agreeing almost ex¬ 
actly -with that which Schroeter bad deduced from his observations. 

The various astronomers who have determined the rotation of Venus 
agree in estimating tbe inclination of tbe equator to tbe plane of 
the ecliptic at 75**. No trace of ellipticity has been discovered in the 
planet; nor will this appear surprising when the probable smallness 
of its amount is considered. If the equatorial axis exceeded the polar by 
only ^^^tb of its own length, as in the case of the earth, the difference 
of the two axes -would subtend an angle of only a tenth of a second at the 
mean distance of the planet from the earth. It is obvious that the 
most delicate micrometrical measurements are incapable of establishing 
the existence, of so small a quantity. That the ellipticity of the planet 
does not differ much from that of the earth, is probable from the circum¬ 
stance that both bodies are nearly of the same size, and are endued 
with nearly equal velocities of rotation. 

According to Schroeter there exist mountains of immense height on the 
surface of Venus. The most considerable of these elevations amounts to 
of the radius of the planet. Ohimboi-azo, in South America, which 
was long supposed to be the highest mountain on the surface of the earth, 
attains an elevation equal only to terrestrial radius. The 

same astronomer remarks that Venus, as well as Mercury and the Earth, 
have the highest mountains situate in their southern hemispheres. These 
results can only be admitted with a certain degree of reserve, when the 
extreme delicacy of the observations by means of which they are arrived at, 
is taken into account. Even the great Herschel was unable to deduce 
any trustworthy results of this nature from his observations of the planet. 
The remark of Schroeter, that the three planets nearest the sun have tbe 
highest mountains situate in their southern hemispheres, is at least no 
longer applicable to the earth, since the Himalayah range of mountains 
has been found to be the most elevated region on its surface. 

Various circumstances concur to prove that Venus is surrounded by 
an atmosphere of considerable density. During the transits of the 
planet over the sun’s disk in 1761 and 1769, the planet was observed, 
by several astronomers, to be surrounded by a faint ring of light similar 
to the appearance which would be occasioned by the passage of the solar 
rays through a circumambient fluid. This indication of the existence of 
an atmosphere is confirmed by the observations of Schroeter, who dis¬ 
covered what appeared to him to be a faint crepuscular light, extending 
beyond the cusps of the planet into the dark hemisphere From micron- 
metrical measures of the space over which this light was diffused, he com 
eluded that the horizontal refraction at the surface of the planet amounts 
to 30' 34", a quantity agreeing very nearly with the horizontal refraction 
of the terrestrial atmosphere -j-. 

When the planet Mars is observed with a telescope of ordinary power, 
its surface appears to be diversified with spots of an irtegular cha¬ 
racter, which have conducted astronomers to some interesting conclusions 
respecting its physical constitution. These appearances were first noticed 
by Fontana, a Neapolitan astronomer. In 1686 bo observed a spot on 
the disk of the planet, which subsequently re-appeared in 1688. I’rom 
the changes which it seemed to undergo, he suspected that the planet was 

Phil. Trans., 1792. 

f The interesting fact of the existence of a twilight in Venus has been confirmed by 
the observations of Sir William Herschel. Trans. 1793, p. 214. ) 
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eiailiied 'mth a rotation on an axis. Hool^t is one of tlie first astronomers 
'W^ho apived at Conclusion by reasoning of a strictly legitimate cha- 
ractei'i’founded tipon Ms own observations of the planet. On the aSth of 
March, 1666, he communicated a paper to the Royal Society, containing 
an account of observations of certain spots on the disk of the planet, die 
mentions that he had seen the spots in the month of February, 1666; 
but the earliest observation contained in his paper is dated the 3rd of the 
following month. Having found that the spots returned at regular inter¬ 
vals to the same position on the disk, he inferred that the planet accom¬ 
plishes a rotation on an axis in a period amounting to 12 or 24 hours 
The cpittemporaneous observations of Cassini in Italy conducted that astro¬ 
nomer to a result of greater precision. He concluded, from the interval 
which elapsed between the return of the spots to the same ppsition on the 
disk, that the planet performs a complete revolution round its axis in 24*^ 
40™. This result received a satisfactory confirmation from the researches 
of the elder Maraldi. In 1704 that astronomer, having watched the changes 
in the positions of the spots, inferred a period of rotation equal to 24*^ 39™. 
In the autumn of 1719, there occurred a peculiarly favourable opportunity 
for verifying this conclusion. When the planet arrived in opposition on 
the 27th August of that year it was only 2^° distant from the perihelion, 
and on account of its proximity to the earth it shone with such uncommon 
splendour that many persons supposed it to be a comet or a new star. On 
the 19th August, Maraldi, having examined the planet with a telescope 
84 feet long, perceived two obscure bands on the disk, forming with each 
other an obtuse angle, which exhibited a very conspicuous point On the 
25th September, he again observed the planet, and perceived the angular 
point in the same position on the disk. During the interval of 37 days, 
which had elapsed between the two observations, the planet had therefore 
completed 36 rotations on its axis. This gave 24^^ 40™ for the period of rota¬ 
tion, a result agreeing exactly with that arrived at by Cassini. In the 
years 1777 and 1779, Sir William Herschel carefully observed the changes 
W fide; appearance of the planet, and concluded from them that the period 
of rotation amounted to 24^ 39™ 2l®*67 J. He also found that the inclina¬ 
tion of the planet’s equator to the ecliptic amounts to 28° 42', and that its 
ascending node is situate in 19® 28' of S^ittarius§. The recent researches a 
of MM. Beer and Madler make the period of rotation to be 24^ 37™ 23®. M 
Mars being endued with a rotation on a fixed axis, it is reasonable to 
conclude that the figure of the planet will be flattened at the poles. It 
whs reserved for Sir William Herschel to establish this interesting fact 
upon the basis of observation. By micrometrical measurement he deter¬ 
mined the lengths of the equatorial and polar axes to be as 1355 to 1272, 
or as 16 to 15 nearly H- This indicates an ellipticity considerably greater 
than what appears necessary to counterbalance the centrifugal force of the 
equatorial parts of the planet, if its density be supposed homogeneous. 
The discordance, however, in this as well as in all similar instances, may 
be explained by an adequate supposition respecting the internal structure 
©f the planet. 

, The earlier observers of Mars had remarked the appearance of very bright 
at the poles of his equator. Maraldi, who devoted much attention 
te #i|Bse phenomena, suspected that they were the indications of physical 
change ©purring on the surface of the planet. In 1777-79, Sir William 
Herschel examined the telescopic appearance of the planet with instru- 

* Pfeil. Tsatis., No;. 14 f M4m. Acad, des Sciences, 1720. 

% Phil. Trans. 1781, p, 134. § Phil. Tra.ns-, 1784, p..273. I1 Ibid. 
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taeuts far superior in power to any that had. been hitherto used for a 
Bimilar purpose, and with the torupulous attention to acpuraoy which clia- 
racterized all the observations of that illustrious astronomer. He sup¬ 
posed the bright appearances around the poles to he the light reflected 
from masses of ice and snow accumulated in the polar regions; and ho 
agcribed their occasional diminution to the dissolving influence of the 
solar rays, when they became exposed to them by the revolution of the 
planet in its orbit. The changes actually exhibited by the spots afforded 
a striking confirmation of this view of their origin. Thus, in the year 
IT'S!, the spot about the south pole was extremely large, hut this might 
naturally have been expected, since the pole had been recently involved in 
-perpetn^ darkness during the space of twelve months. In 1783 it had 
become considerably smaller, and it continued to decrease from the 30th 
May of that'year till about the middle of September. During the last- 
mention'ed interval, the south pole had already been above eight months 
enjoying the benefit of summer, and still continued to receive the sun¬ 
beams, though, towards the close of the period, in so oblique a direction as 
to derive but little benefit from them. On the other hand, in the year 
1781, the north polar spot which had been enjoying the sunshine for 
twelve months, and was but lately returning to darkness, appeared small, 
though increasing in size. It was indeed invisible in the year 1783, but 
this arose from the position of the axis of the planet, by which it was 
removed out of sight*. The explanation of Sir "William Herschel has been 
generally adopted by astronomers, as the most probable that can be offered 
respecting the interesting phenomena to which allusion has just been made. 
It is hardly necessary to remark that such an explanation implies the ex¬ 
istence of an atmosphere about the planet. 

If we consider the arrangement of the planetary system as it was known 
previous to the discovery of XJranus, it will readily occur, either from a com¬ 
parison of the numerical values of the mean distances of the planots, or 
from an inspection of their orbits when traced concoiitrically by a graphic 
process on a sheet of paper, that while the intervals between the succes¬ 
sive orbits increase continually outwards from the sun, a vacuity, dispro¬ 
portionately larger than any of the others, exists between the orbits of Mars 
and Jupiter. When Kepler, during the earlier period of his astronoinicjil 
I career, was endeavouring to discover a connexion between the mean 
distances of the planets from the sun, and their motions in their orbits, 
he encountered in this anomalous fact an insuperable obstacle to tho 
success of bis speculations. The most plausible hypothesis that his ferfilo 
imagination could suggest, appeared to require that tho vacuity should l)o 
filled up by the interposition of another orbit. At length, having despaired 
of reconciling the actual state of the planetary system with any theory ho 
could form respecting it, he hazarded the assertion that a planet really 
existed between the orbits of Mars and Jupiter, and that its smallneHs 
alone prevented it from being visible to astronomers. This bold surmiso 
of the illustrious discoverer of the laws of the planetary movements, was 
generally regarded as not the least probable of those transient sallies of tho 
imagination in which he delighted to indulge, and it was favourably alluded 
to by Lambert in his “Cosmological Letters,” published in 1769. In 1773, 
Bode published a treatise on astronomy in which he first anriouncod tlio 
singular relation between the mean distances of the planets from tlio sun, 
which has since been distinguished by his name. This relation, to which 

* Phil. Trans,, 1784, p. 261. 
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allusion lias already been made in one of the foregoing chapters, exhibited 
in a very striking light the exaggerated leap from Mars to Jupiter, and 
suggested the strong probability of a planet revolving in the intermediate 
region. This conjecture was rendered still more plausible by the dis¬ 
covery of the planet XJranus, in 1781, the distance of which from the sun 
was found to conform exactly to the law of Bode. In Germany, especially, 
a strong impression had been produced that a planet really existed between 
Mars and Jupiter; and, through the active exertions of De Zach, an asso¬ 
ciation of twenty-four astronomers was formed, having for its object to 
effect the discovery of the unknown body. For this purpose the zodiac 
was di^^ded into twenty-four zones, one of which was to be explored by 
each astronomer; and the conduct of the whole operation was placed under 
the superintendence of Schroeter. Soon after the formation of this society 
the planet was discovered, but not by any of those astronomers who were 
engaged expressly in searching for it. Piazzi, the celebrated Italian 
astronomer, while engaged in constructing his great catalogue of stars, 
was induced carefully to examine, several nights in succession, a part of the 
constellation Taurus, in which Wollaston, by mistake, had assigned the 
position of a star which did not really exist. On the 1st January, 1801, 
Piazzi observed a small star, which, on the following evening, appeared to 
have changed its place. On the 3rd he repeated his observations, and he 
now felt assured that the star had a retrograde motion in the zodiac. The 
daily change of position in right ascension was 4', and the change in decli¬ 
nation towards the north pole was 3' 30''. On the 34th of January, 
he transmitted an account of his discovery to Oriani and Bode, communi¬ 
cating the positions of the star on the 3rd and 33rd of that month, and 
adding that its molion, from being retrograde on the 11th, had become 
direct on the 13 th of the same month. Piazzi continued to observe the 
star until the 11th of I'ebruary, when he was seized with a dangerous 
illness which completely interrupted his labours. His letters to Oriani 
and Bod% did not reach these astronomers until the latter end of March, 
but the planet had then approached too near the sun to admit of their ob- 
tainihg a verification of his discovery-by actual observation, and it was 
neeessaiy for this purpose to wait until the month of September, when the 
planet would have effectually extricated itself from the solar rays. Its re¬ 
discovery, after the lapse of so considerable a period subsequent to the J 
most recent observation, could not he expected to be accomplished without ^ 
a pretty accurate knowledge of the orbit in which it was moving; hut the 
data communicated by Piazzi were insufficient for this purpose. They 
merely served to indicate that the body revolved in a circular orbit between 
Mars and J upiter, at a distance agreeing very nearly with that assigned 
by Bede’s law, and so far offered a satisfactory confirmation of the views 
of the German astronomers. Meanwhile Piazzi, fearing lest he should be 
deprived in any degree of the glory attached to the discovery of the planet, 
communicated to astronomers all the observations of it made by him down 
h> the 11th February. Gauss found that they might be all satisfied 
within a few seconds, by an elliptic orbit, of which he calculated the ele¬ 
ments; and, with the view of aiding astronomers in searching for the 
planet, that illustrious geometer also computed an ephemeris of its motion 
for several months. After a careful examination of its geocentric path, 
the planet was finally discovered by Be 2iach on the 31st of Becemher, 
by Offiers on the following evening. A year had therefore elapsed 
between the original discovery of the planet by Piazzi and its subsequent 
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re-discovery by the G-erm^ astronomers. Piazzi conferred on it the name 
of Ceres, in allusion to the titular goddess of Sicily, the island in which it 
was discovered ; and the sickle has been appropriately chosen for its 
symbol of designation. 

The mean distance of Ceres, as determined by the calculations of Gauss, 
was 2'7'67. The distance assigned by Bode’s law is 2*8. In this respect, 
therefore, the new member of the planetary system harmonized admirably 
with the other bodies of which it was composed. In other respects, 
however, it offered unexpected anomalies. Sir William Herschel found, by 
micrometrical measures of the planet’s apparent magnitude, that its dia¬ 
meter at the mean distance of the earth from the sun would subtend an 
angle of only 0"*35. This result makes the linear diameter amount to 
only 161 miles. The newly-discovered body was, therefore, excessively 
minute, when compared with any of the older members of the planetary 
system. Its motion also exhibited peculiarities which in some degree as¬ 
similated it to bodies of a cometaiy nature. Its inclination to the ecliptic 
excededed 10°, and consequently it deviated from that plane to a much 
greater extent than any other planet. 

The interesting discovery of Piazzi was soon followed by another of a 
similar nature. Olbers, while engaged in searching for Ceres, had studied 
with minute attention the various configurations of all the small stars 
which are situate near the geocentric path of that planet. On the 28th of 
March, 1802, while examining the north-western part of the constellation 
Virgo, his attention was directed to a small unknown star of the 7th magni¬ 
tude. It was situated very near the place where he discovered Ceres, and 
it forrned an equilateral triangle with two other small stars, whose positions 
were given in the catalogues of astronomers. From the intimate knowledge 
he had acquired of the region in which the star appeared, he jfelt assured 
that he had not perceived it on any former occasion ; and his first impression 
was, that in all probability it was a variable star which had attained its 
maximum state of brightness. After the lapse of two hours, however, he 
found that it had a proper motion, the right ascension having sensibly 
diminished during that interval, while, on the other hand, the declination 
had increased towards the north. The observations of the following even¬ 
ing established beyond all doubt his suspicion that the body was a planet; 
its right ascension having diminished to the extent of' 10', while the 
increase of declination was 20'. On the 28th of April, when a month 
only had elapsed since the discovery of the idanet. Gauss assigned the 
elements of the elliptic orbit in which it was found to revolve, and the re¬ 
sults derived from them exhibited a most satisfactory accordance with 
observation. The mean distance, as determined by Gauss, was 2’670. 
The planet, therefore, offered in this respect a remarkable analogy to 
Ceres, the mean distances of both planets agreeing within a small fraction. 
Like Ceres also, it was remarkable for the minuteness of its volume. 
From Herscliel’s estimate of its apparent magnitude, it followed that its 
linear diameter did not amount to more than .110,4 whies In tlia form 
and position of its orbit, it exhibited deviations from the older planets, 
much more considerable than those by which Ceres was distinguislied. 
The eccentricity was found by Gauss to be 0-24764, and coosequeiitly was 
greater than that of Mercury, the most remarkable of all tlie older iilanet.s 
in this respect. But the most striking feature of the planet’s motion, if 
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-we except the coincidence of its mean distance 'with that of Ceres, -was the 
inclination of its orbit to the ecliptic, which amounted to the very consider¬ 
able angle of 34° 39'. In consequence of the various peculiarities of the 
two new bodies, Sir William Herschel proposed to denominate them aste¬ 
roids, instead of planets, and this appellation is frequently applied to them 
AS well as to the other bodies which have since been discovered revolving 
in the same region. 

An examination of the relative magnitudes of the planetary orbits had 
suggested; the existence of an unknown planet, revolving between the orbits 
of Mars and Jupiter. Instead of one planet, however, two were found, con¬ 
forming in this respect to the requirements of analogy. Considering this 
singular fact, in connexion with the extreme minuteness of the two bodies, 
and the other circumstances by which they were distinguished from the 
more ancient planets, Olbers was led to suspect that they might possibly 
be the fragments of a larger planet, which had once been revolving in 
the same region, and at an anterior epoch had been shattered to pieces by 
the energy of some unknown cause. Pursuing this ingenious conception, 
he was led to conclude that there might he many more similar fragments 
which had not yet been discovered. He also inferred that the eccentricities 
and inclinations of their orbits might be very different, but that the mean 
distances would be nearly equal, and, as they all had a common origin, that 
their orbits would have two common points of intersection, situate in op¬ 
posite regions of the heavens, through which every fragment would neces¬ 
sarily pass in the course of each revolution. He proposed, therefore, to 
search carefully every month the north-western part of the constellation 
■Virgo, and the western part of the constellation of the Whale, being the two 
opposite regions in which the orbits of the two bodies already discovered 
were found to intersect each other. Meanwhile the discovery of a third 
planet tended in a strong degree to confirm the truth of his hypothesis, 
and to encourage Mm in his arduous undertaldng. In consequence of the 
^treme smallness of Ceres and Fallas, they are liable to be confounded 
wdtfe i&se telesoopie stars, which lie near their paths, and consequently 
wh^ amy time is allowed to elapse without their being observed, it be¬ 
comes a difficult matter to recognise them again. With the view of faci¬ 
litating this object, M. Harding, one of the astronomers attached to the 
Observatory of Lilienthal, had undertaken to construct a series of charts, 
whereon were laid down the positions of all the small stars which appear 
near the geocentric paths of the two planets. On the 3nd September, 
1804, while engaged in exploring the heavens for this purpose, he per¬ 
ceived a small star in the constellation Fisces, very near to that part 
of the constellation of the Whale, through which Olbers had asserted that 
the fragments of the shattered planet would be sure to pass. On the 4th 
of September he repeated his observation, and found that the star had 
changed its place. The observations of the succeeding evenings esta- 
bli^ed, beyond all doubt, that the star was in reality a new planet. The 
elements of its orbit were calculated by Gauss, who found, as in the case 
of the other two planets recently discovered, that it revolved between the 
orbits of Mars and Jupiter. The mean distance was 2'670, consequently 
it almost coincided with the mean distances of Ceres and Fallas. The 
»^cce®)4rimtyto 0*2543, and therefore surpassed that of any other 
member of the planetary system. Harding conferred on the planet the 
appellation of Juno, with a sceptre surmounted by a star for the symbol 
of designation. Like Ceres and Fallas, it is remarkable for its extreme 
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smallness. Hersclael Yras unable to pronounce with certainty that its 
diameter exhibited any sensible magnitude. 

Stimulated by the discovery of Juno, which so remarkably supported his 
theory, Olbers continued, with unremitting assiduity, to explore the two 
opposite regions of the heavens, which appeared to him to offer the 
strongest probability of detecting any additional fragments of the shattered 
planet. At length, after he had been engaged nearly three years in this 
laborious pursuit, his admirable perseverance was crowned with success. 
On the evening of the 3Sth of March, 1807, as he was proceeding to re¬ 
examine the northern wing of the constellation Virgo, his attention was 
drawn all at once to a brilliant star of the sixth magnitude, which ap¬ 
peared a little to the west of the star marked 323 in Bode’s catalogue. 
Brom his intimate acquaintance with this part of the heavens, he felt pei'- 
suaded that the star had not appeared in it on any former occasion, and ho 
concluded, without hesitation, that it was a planet. On the same evening 
he established this fact beyond all doubt, having ascertained, hy means of 
two observations, that the motion of the body was retrograde. TJio ele¬ 
ments of the orbit were determined by (Jauss, who executed the calcula¬ 
tions required for this purpose before more than ten hoar.s had elapsed 
after he obtained possession of the obsorvatious. Tlio planet was found 
to revolve in the same region with Ceres, Pallas, and Juno, its mean dis¬ 
tance being somewhat less than that of any of those bodies. Olbora dele¬ 
gated to Gauss the privilege of naming the planet. The illustrious.geo¬ 
meter chose the appellation of Vesta, the symbol of designation boing the 
altar on which burned the sacred fire in honour of the goddess. This 
planet is even smaller than any of the three others previously cliscoverod 
in the same region. It is remarkable for the brilliaiicy of its light. 
Sohroeter states that he once saw it with the naked eye. 

The hypothesis of Olbers respecting the origin of tbo asteroids was in 
many respects so plausible that geometers were induced to direcl t.lioir at¬ 
tention to the subject. In the “ Coinutisstniee <les Tfnip.s" for i(Si |, |jji- 
grange has investigated the explosive force wliicii would bo nec.essary to 
detach a fragment of matter from a planet rev'olving at a given distaiieo 
from the sun. Ajiplying his re.sults to tlie earth, he i’ouiul lluit if the 

velocity of the detached fragment exceeded that of a caimon hall in the 

proportion of 121 to 1, the fragment would beeoiuo a comet with a direct 
motion ; but if the velocity rose in the proportion of 15(5 to I, the motion 
of the comet would bo retrograde. If the velocity was less tlia,n in eil.hcr 
of these cases, the fragment would revolve as a planet in an elliptic oi-liit. 
Por any other planet besides the earth, the velocity of explosion corre¬ 
sponding to the different cases would vary in tlic inverse ra,tio of the 8(piare 
root of the mean distance. It would, thoreforo, rmunfestly l)e less, a.s the 

planet was more distant from the sun. In tlio case of eacli of tlie four 

smaller planets, the velocity of explosion, indicated by their obsorv'ed 
motion, would be less than 20 times the velocity of a cannon ball. 

Although a strong probability existed that many more bodies revedved 
l)etween the orbits of Mars and Jupiter similar to tlio.so already discovered, 
a considerable period elai^sed before the planetary sysleni was'euriehed by 
any furtlier accession from this source. This circmnstjince aros*', douht less, 
from the immense labour attending the o])era<iou ol' .sc.-irching for ilu! 
bodies, and the want of good charts containing u re|)r<^s(!n tii / i(»n of (ho r<>- 
lative positions of all tlic small staas sitiuUe in tlios(f r(‘!(ions win ro il, 
might be expected that the bodies would be discovered. In In-.'o, fn-.-di 
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impetus was given, to researohes of this nature, hy the resolution of the 
Berlin Academy of Sciences to procure the construction of a series of 
charts representing the relative positions of all the stars, down to the 
tenth order of magnitude, in a zone of the celestial regions extending 15° on 
each side of the equator. All the charts connected with this great under¬ 
taking have not yet been executed; but we have already had occasion to 
illustrate their great utility, in our account of the discovery of the planet 
Neptune. It was probably by reflecting on the advantage of such deli¬ 
neations of the celestial regions that M. Hencke, an amateur astronomer 
of Briessen, in G-ermany, was induced, about the year 1830, to commence 
a careful survey of those regions wherein it was most likely that any addi¬ 
tional planets would be found. During fifteen years he continued with 
unwearied assiduity to prosecute this object, tracing the relative positions 
of the small stars, and making himself acquainted with their various con¬ 
figurations. At length his unflinching perseverance met with its due reward. 
On the 8th of December, 1845, while engaged in examining a portion 
of the fourth hour of right ascension, his attention was directed to a small 
unknown star which appeared, between two others of about the same size, 
with it. As he had acquired an intimate acquaintance with this part of 
the heavens, he felt confident that the star had not been previously visible 
in it. He therefore suspected that he had discovered a planet, and he 
wrote to M. Encke, of the Observatory of Berlin, announcing the exist¬ 
ence of the unknown star, and communicating to him its position on the 
day before mentioned. On the evening of the 14th of December, the Berlin 
astronomers directed the magnificent refractor of the observatory to the 
X^art of the heavens in which M. Hencke had asserted he had seen the 
suspected planet, and presently they discovered a star of the ninth magni¬ 
tude, which was not marked in the corresponding chart of the academy, 
executed by Professor Knorre. The subsequent observations of the same 
evening^ shewed it to be a planet. It was then retrograding with a daily 
motion in right ascension, amounting to 14' ai".3 of arc. On this occasion 
the elements of the orbit were rapidly determined, not by Gauss indivi¬ 
dually, as on previous occasions of a similar kind, but by a host of young 
astronoiners throughout Europe, who had become familiar with the methods 
of that illustrious master. The results of their calculations shewed the 
body to be one of the family of asteroids. The honour of naming it was 
delegated by the discoverer to M. Encke, who conferred on it the appella¬ 
tion of Astraea. 

^ The industry of M. Hencke was soon again rewarded by a similar 
discovery. On the 1st of July, 1847, while engaged in examining the 
seventeenth hour of right ascension, he perceived a small star of about 
the ninth order of magnitude, which was not marked in the corresponding 
map of the academy, constructed by Dr. Bremiker. On the 3rd he re¬ 
peated his observation, and found that during the intermediate period its 
right ascension had sensibly diminished, while its southern declination had 
increased. It proved to be another of the smaller planets. Gauss, who had 
' choose its name, bestowed on it the appellation of Hebe. 

The year 1847 was not destined to come to a close before it was sig- 
by two other discoveries of a similar nature. Mr. Hind, the 
^trojiomer attached to the Observatory of Mr. Bishop, Begent’s Park, 
Aion^n, h^d been for some time engaged in revising the Berlin maps, 
ot winph the utility had now hecome so apparent. He had also under¬ 
taken the formation of ecliptical charts for a few of the hours of right 
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ascension, representing the relative positions of all the telescopic stars 
down to the tenth magnitude. On the I8th of August, 1847, while sur¬ 
veying the heavens in the prosecution of these labours, his attention was 
drawn to a star of the 8.9th magnitude, which was not marked in Hora xix. 
of the Berlin Maps constructed by Wolfer. He was especially surprised to 
find that, although the same region had been examined on the SSnd of June, 
and also on the Slstof July, no note had been made in reference to the un¬ 
marked star. Even this circumstance, however, was not considered by him to 
aflEbrd conclusive proof in favour of a proper motion of the star, since it ap¬ 
peared to him not improbable that the previous invisibility of the star might 
arise from its light being variable, having met with a great many new^ 
stars of this nature in the course of his observations. The application of 
the micrometer, however, dispelled all doubts on this point. Befoi’e half 
an hour elapsed he was enabled to satisfy himself, by its change of position, 
that the star had a proper motion- Subsequent observations shewed that 
it was one of the ultra-zodiacal planets. At the suggestion of Mr. 
Bishoj), the planet was named Iris. On the 18th of October of the same 
year, Mr. Hind discovered a star of the tenth magnitude, which was not 
marked in Plora v, of the Berlin Maps. Micrometrical measures of its 
position, made after the lapse of about three hours and a half from the 
time when he first observed it, established the existence of a proper 
motion. It proved to be another planet of the saine class witli Iris. 
Sir John Herschel, having been invited to name the planet, conferred on 
it the appellation of Flora. The discovery of the two planets Iris 
and Flora reflects equal credit on the assiduity of Mr. Hind, and on the 
enlightened zeal of the gentleman under whose auspices he has been 
prosecuting his observations. It is pleasing to reflect, that in recent times 
the British Isles have furnished a greater number of examples of the 
devotion of private resources to the cause of astronomical science than any 
other country. 

The planet Flora formed the eighth fragment of tlio hyj)othetic! planet 
of Olbers which had been discovered since the commejicGinent of the 
present century. Two more have subsequently been added to this 
number. One of them was discovered on the SStli of April, 1848, l)y 
Mr. Graham, of Mr. Cooper’s Observatory, Markroe, Ireland. It has 
received the name of Metis. This xfiariet is remarkable for the near coin¬ 
cidence of its mean motion with that of Iris, the difference of their 
periodic times having been found by the most recent calculations to 
amount only to five days. The other planet was discovered at Naples, on 
the 16th of April, 1849, by M. De Gasparis. At the suggestion of Sig. 
Capocci it has been called Hygeia. This makes ten fragments of the 
shattered planet which have been already recovered. When it is con¬ 
sidered that, since the discovery of six of these fragments, an equal 
number of years has not yet come to a close, it may reasonably bo x?re¬ 
sumed that a long period is not destined to elapse before many more 
similar discoveries will be made. 

When Jupiter is observed with a telescope of considerable power, 
there appear several obscure belts encomx^assing his I)odj. Thosi; 
belts have been found to vary in number, magnitude, and mutual 
distance; hut for the most part three ojdy are observed, extendiug 
in parallel directions across the centre of the disk. 4’hesc pliono- 
jnena escaped the observations of Galileo, his tc‘lcseox)cs not being 
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sufficiently powerful to exhibit them. According to Hiccioli, they were 
first observed by Zucchi, an Italian JesuitOn the 17th of May, 1630, 
that individual perceived two belts on the disk of the planet. In 1683, 
Fontana perceived three belts. In 1648, Grimaldi was unable to perceive 
more than two. He was the first person who remarked that the direction 
of the belts is parallel to the plane of Jupiter’s orbit. In addition to the 
belts which surround the body of the planet, the rest of the surface 
appears diversified with dusky spots of an irregular character. These 
maculae are generally of transient duration, but some which appear in the 
vicinity of the belts are of a more permanent nature than the others ; and 
astronomers, by watching from time to time their position on the disk, 
have been enabled to establish the interesting fact that the planet revolves 
round a fixed axis. It is worthy of remark, that the illustrious Kepler, 
previous to the invention of the telescope, had surmised that Jupiter 
revolves on an axis, and from a consideration of the rapid motion of the 
satellites of the planet round their primary, compared with the slower 
motion of the moon round the earth, he inferred that the period of 
rotation is less than twenty-four hours. This sagacious conjecture has 
received a remarkable confirmation. from the researches of subsequent 
astronomers. Hooke appears to have been the first person who was led 
by observation to suspect that Jupiter revolves on an axis. In the month 
of May, 1664, he discovered a small spot on the largest of the three, 
belts. In the course of two hours, he found that it had moved from east 
to west about half the length of the diameter of the planet f. With that 
fickleness of purpose which characterized his conduct throughout life, he 
appears to have abandoned all further observations of the planet, leaving 
to others in this as in almost all similar instances, the glory of sub¬ 
stantiating the interesting fact which, by his superior acuteness, he was 
enabled first to foreshadow. It was reserved for Cassini to prove, beyond 
all doubt, that Jupiter revolves on an axis, and to assign with considei'able 
precision the period of rotation. In the month of July, 1605, he observed 
the planet with a telescope constructed by Oampani, the object-glass of 
which had a focal length of thirty-five French feet. He discovered a 
great number of spots on the disk, some of which were brighter than the 
rest of the surface, resembling in this respect the solar faculae. They 
all appeared to have a motion on the disk from east to west, but in every 
instance they exhibited such rapid variations of form and magnitude, that 
no certain result could be deduced from them. At length he discovered 
a permanent spot situated close to the northern border of the most 
southern of the three belts, which he continued to observe for several 
months. It appeared largest on the centre of the disk, from which it 
gradually diminished until, before reaching the margin, it became invisible. 
Its motion also was swifter on the centre of the disk than towards the 
circumference. From these facts Cassini concluded that the spot adhered 
to the surface of the planet, and that the latter consequently revolves on 
an axis. With respect to the time in which it effected a complete 


*.Alma^. Nov. tomei., p. 486. Dr. Moll, of Utrecht, in his interesting account of 
the invention or the telescope, published in the first volume of the Journal of the Royal 
In^h^on, ascribes the discovery of Jupiter’s belts to Toricelli, the pupil of Galileo. 

r Rhil. Trans., No. 1. This communication, consisting of eight lines, is the second which 
appears m the famous collection of the Transactions of the Royal Society, 
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rotation, lie found that the "belts generally presented a very altered 
appearance after the lapse of five hours. It followed, therefore, that the 
time of rotation was somewhere about ten hours. In order to arrive at 
a result of greater precision, he watched the motion of the spot which 
appeared near the southern belt, and he found that it returned to tlio 
same position on the disk exactly in 12*^ 0^ 4"*. During this lapse of 
time it had effected twenty-nine complete rotations, consequently the 
period of a single rotation was 9'' 56"^. Cassini attempted on subsequent 
occasions to determine the time of rotation, but the results obtained by 
him did not exhibit so exact an accordance with each other as was 
desirable. It appeared, from this circumstance, impossible to withhold 
the conclusion that the spots, besides participating in the rotatory motion 
of the planet, had also a proper motion on his surface. The accurate 
observations of Sir "William Herschel lead to a similar conclusion. That 
illustrious astronomer carefully watched the spots of the planet in the 
years 1778-79, but the various results at which he arrived relative to the 
time of rotation fluctuated between 9^ 55”^ 40® and 9*’ 48®; the 

discordance, therefore, amounted, in some instances, to 4”^ 52®, a quantity 
too great by far to be ascribable wholly to errors of observation 
Schroeter experienced similar anomalies, hi the course of Ins attempt to 
determine the rotation of the planet. He concluded, from his observations, 
that the most probable value of the period of rotation is 55”^ 83®.0. In 
the years 1834-5, Mr. Airy made observations on the planet, at Cambridge, 
for the purpose of determining the time of rotation. He perceived a dark 
spot below the apparent lower belt, which seemed to him to be well adapted 
for establishing this point. His observations comprehended 225 rotations, 
commencing December 16, 1834, and terminating March 19, 1835. The 
period of rotation was found by means of them to be 55'*^ 21®.3 Mr. 
Airy considers that the probable error of this result does not exceed 
four seconds. 

Since Jupiter revolves round an axis, it might be expected that his 
figure would be flattened at the j^oles ; and further, it might he inferred, 
from his immense magnitude and the rapidity of liis rotation, that the 
flattening would exceed that of the terrestrial spheroid. The results of 
observation have been found to accord with both these conclusions. In 
1691 Cassini remarked that Jupiter appeared to him to have an oval 
shape. The greater diameter extended east and west, and it seemed to him 
to exceed the diameter at right angles to it by about a fifteenth part J. 
The remark of that illustrious astronomer was soon confirmed by the 
observations of La Hire, Roemer, and Picai'd. The first determination 
of the ellipticity of the planet by careful measurement is due to Pound, 
whose results assign to it a mean value equal to -j-g-lg-g- §. In the present day 
M. Struve has found, by means of micrometrical measurements made with 
Pratmhofer’s great refractor, that the apparent magnitude of the equa¬ 
torial diameter, as seen from the sun, at the mean distance 5.20279, is 
equal to 38".327, and that the apparent magnitude of the polar diameter, 
at the same distance, is equal to 35''.538 ||. These results give j for 
the ellipticity of the planet. We have seen that Laplace found from 
theory, that if the equatorial axis of the planet be represented l)y unity, 

* Phil. Trans., 1781. f Mem. Ast. Soc., vol. ix._, p. 5. 

t Anc. Mem. Acad, des Sciences, tome ii., p. 130. 

§ Principia, lib. iii., prop. 19. || Mem. Ast. Soc., vol. iii., p. 301. 
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the polar axis will he equal to 0.9386. In the present case, by adopting 
the same unit of length, the polar axis will he found to be equal to 0.9373. 
A more striking instance of agreement between theory and obseryatioii 
could not be adduced from the whole body of physical science. 

The great distance of Jupiter prevents the discovery of any phenomena 
analogous to those which have rendered the existence of an atmosphere 
about Venus so probable; nor do the polar regions of the planet exhibit 
any changes of appearance resembling those which have conducted astro¬ 
nomers to a similar conclusion with respect to Mars. In the absence of 
these favourable circumstances, the rapid rotation of the planet comes to 
the aid of the astronomer; for it can hardly admit of doubt, that the in¬ 
tense centrifugal force arising from this cause is intimately connected with 
the formation of those remarkable bands which encompass the equatorial 
regions of the planet, in directions parallel to each other and to the plane 
of rotation. Althoughi generally, there appear only three obscure belts 
on the disk of the planet, sometimes a greater variety is perceptilde. In 
1664, Oampani perceived four dark belts and two white ones. In 1091, 
Cassini saw eight obscure belts on the disk of the planet, situate very close 
to each other Sometimes only one belt is visible, and this is always 
the principal belt, which is situate on the northern side of the planet’s 
equator. * On the other hand, the whole surface of the planet has occa- 
sio nally been seen covered with belts. On the ISth of January, 1790, Sir 
William Herschel, having observed the planet with his 40-feet reflector, 
perceived two very dark belts, divided by an equatorial zone of a yellowish 
colour, and on each side of them were dark and bright belts alternating, 
and continued alruost to the poles "j". A similar appearance was also once 
observed by Messier These phenomena sometimes undergo very rapid 
transformations, affording thereby a strong proof that they owe their 
origin to the fluctuating movements of an elastic fluid enveloping the body 
oi tlm planet. On the 13 th of December, 1690, Cassini perceived five bolts 
on the planet, two in the northern hemisphere, and three in the southern. 
An hour afterwards there appeared only the two belts nearest the centre, 
ana a teeqle trace of the remaining northern helt§. The same astronomer 
ireq[uently witnessed the formation of new belts on the planet in tho 
course of one or two hours [\. 

The dmk spots on the disk of the planet also afford unequivocal indioa- 
lons or the existence of an atmosphere, for it is impossible to reconcile their 
variable velocities with the supposition of their being permanent spots 
adhering to the surface of the planet. Cassini found, from his observa¬ 
tions, that the spots near the equator of the planet revolved with a greater 
ve omty than those more distant from it If. This fact has been coiiflirmed 

obseiwations of Schroeter. Sir William Herschel 
^n at the velocity of a spot sometimes underwent a very sensible 
c ange in me course of a few days. He supposes the spots to be large 
congeries of clouds suspended in the atmosphere of the planet, and ho 
^cribes their movements to the prevalence of winds on its surface, which 
blow periodically in the same direction From the circumstance that 
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the spots generally assign to the planet a period of rotation less than that 
which appears to he its most probable value, it may he inferred that the 
wind constantly blows in the same direction as that in which the planet 
revolves upon its axis. Herschel found that a spot, after its. first appear¬ 
ance, continued to complete its successive rotations in less and less inter¬ 
vals of time, affording thereby a clear indication that its proper motion 
was constantly increasing. This circumstance, he remarks, may naturally 
he explained by supposing that a considerable time necessarily^ elapses 
before the spot can acquire the full velocity of the wind by which it is im¬ 
pelled. It is evident, from the amount of discordance exhibited by a com¬ 
parison of the different periods of rotation derived from the movements of 
the spots, that the currents in the atmosphere of the planet must possess 
very considerable velocities. Sir William Herscbel found, from his observa¬ 
tions, that the spots, on one occasion, must have been transported through 
60® in twenty-two rotations of the planet. This would iildicate that the 
wind on tlie surface of the planet was travelling at the rate of somewhat 
more than 200 miles in an hour^ a velocity which, however, does not ex¬ 
ceed that of occasional winds on the surface of the earth. The nearest 
approach to the velocity of the wind will of course be indicated by the 
smallest period of rotation. In 1692, Cassini observed a spot near the 
equator of the planet, which performed a comjjlete rotation in 9^' 
Assuming (which is certain to be true) that the period of the plaiiet’s real 
rotation lies between 9*^ SS”' and 9^ 66™ f, this would indicate that the cur¬ 
rent in the atmosphere of the planet was travelling at the^ rate of about 
250 miles in an hour. In general the spots complete their rotations in 
periods varying between 9*^ 50™ and 9^ 56'”, whence it may be concluded 
that the currents in the atmosphere do not possess a velocity exceeding 
the hundredth part of the rotatory motion of the planet. 

Although the spots on Jupiter, by their transient existence and variable 
motion, generally indicate that they are of atmospheric origin, there are 
some of a more permanent character, whose frequent re-appearance in the 
same position can only be explained by supposing them to adhere to the 
surface of the planet. The most remarkable of these is the spot situate 
close to the northern margin of the southern belt, by watching the appa¬ 
rent motion of which Cassini originally succeeded in determining the 
period of the planet’s rotation. From its first discovery in 1665 down to 
1713, it vanished and re-appeared no less than nine times. When the 
southern belt disappeared, the spot disappeared also, but the belt was fre¬ 
quently perceived without the spot. On no occasion did the spot continue 


^ Mem. Acad, des Sciences, tome x., p. 8. ^il^mens d’Astronomie, p. 406. 

+ It appears, from the researches of Cassini, Schroeter, and Airy, that the period of rota¬ 
tion is included between 9'^ 56™ and 9'' 55'". Independently of the results arrived at by the 
two last-mentioned astronomers, it is evident, from_ observations of the permanent spot 
originally discovered by Cassini, on the occasions of its successive re-appearances between 
1665 and 1713, that the period of rotation is somewhat less than 9^ 56™, In 1672, Cassini, 
by means of it, made the period of rotation 9'» 55™ 50®. In 1708, Maraldi deduced from 
it a period equal to 56'’' 48®, and from observations of it in 1713 he made the period 
equal to 9'‘ 56™. On the last-mentioned occasion he compared Cassini’s original observa¬ 
tions of the spot in 1665 with his own observations in 1713. Assuming the period of 
rotation to be 9‘» 56™, he found that in 1713 the actual position of the spot was about 36® 
in advance of the computed position. This would afford a valuable means of determining 
the period of rotation, if we could be assured of the precise number of complete rotations 
embraced between the observations of 1665 and 1713; but this is an uncertain datum, 
on account of the magnitude of the probable error of the element to be determined. 
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visible so long as three yearsIts disappearance is manifestly dependent 
on the same cause ■which d'etermines the invisibility of the belt- Cassini 
supjposed the belts to indicate currents in the seas of the planets, ana¬ 
logous to those -which occur in different regions of the earth f; but this 
hypothesis affords no explanation of the dingy colour which the belts 
usually exhibit. A more probable hypothesis of their real nature has 
been suggested by Sir William Herschel, who considers the light of 
the bright regions of the planet to arise from dense accumulations of 
vapours suspended in its atmosphere, while the dark belts, on the other 
hand, indicate the opaque surface of the planet, wdiich possesses an inferior 
po-wer of reflecting the solar light, and admits of being seen through those 
regions of the atmosphere that are comparatively free of clouds h This 
hypDothesis affords a natural explanation of the simultaneous disappear¬ 
ance of the southern belt and the spot adjacent to it, for the vapours 
which close in u^Don each side of the belt and cover the surface of the 
planet must necessarily submerge the spot at the same time, and thereby 
render it invisible also. 

In a former part of this work, we have given a detailed account of the 
researches of-astronomers on the motions of Jupiter’s satellites. It is 
remarkable that, down to the middle of the seventeenth century, there 
were persons who refused to believe that these bodies actually circulated 
round the In 1065 Cassini announced his discovery of two 

phenomena which furnished incontestable proofs that the satellites con¬ 
formed in this respect to the analogy offered by the motion of the ter¬ 
restrial satellite. By means of the po-werful glasses of Campani, ho 
succeeded in perceiving the satellites when, in the course of their orbitual 
motion, they were interposed between the planet and the earth. On such 
occasions, they exhibited the appearance of small spots on the disk of the 
planet ; but he shewed that, from their motion near the margin being 
the same as on the centre, and from their apparent magnitudes being 
constant during the time they were visible, they could not be attached to 
the surface of the planet. He also discovered the shadows which the 
satellites projected upon the body of the planet while in the act of passing 
between it and the sun. In order to convince the most sceptical of the 
real nature of these appearances, he announced, beforehand, the days and 
the hours in the months of August and September of the year above-men¬ 
tioned, when the bodies of the satellites and also their dark shadows would 
be seen upon the disk of the planet§. These predictions having been 
verified by observation, no doubt could henceforth exist in any mind that 
the satellites revolve round the planet in the same manner as the moon 
revolves round the earth. 

In 1707, Maraldi I. discovered that the fourth satellite, on the occasion 
of passing between the planet and the earth, sometimes appeared brighter 
than the planet, while at other times it resembled a black spot upon the 
disk. He further discovered that in the latter case the magnitude of 
the satellite was frequently less than that of its shadow, which was at the 
same time visible on the disk, although, according to the laws of optics, it 

* For a curious account of the circumstances attending the successive re-appearances of 
tnis sppt see— Mem, A.cad, des Sciences^ tome ii.;, p. 105, tome x-, pp- 1, 513; MCdm* 
^cad, des Sciences^ 1708, 1713; also Cassini’s Elemens Astronomic^ p. 405, et seq, 

-t Anc.,M4ni. Acad, des Sciences, tome ii., p. 106. 

% Phil. Trans., 1793, p. 218- 

■§ Journal des Savans, February 21, 1666; see also Phil. Trans., No. 10, p. 171. 
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ought to have been greater. A similar appearance was witnessed by him 
in 1713. The conclusion he drew from it was, that there are dark tracts 
of great extent on the surface of the satellite, which are incapable of re¬ 
flecting the light of the sun. It may be remarked that the question with re¬ 
spect to the real nature of these spots admitted of two distinct explanations. 
If the satellite was supposed to perform a complete rotation on an axis, in 
the precise time which it took to revolve round the planet, it would inva¬ 
riably turn the same hemisphere to the observer on the occasion of each 
transit; and if the spots adhered to the surface, it ought always to exhibit 
the same appearance on the disk of the planet. Tire variation of bright¬ 
ness, on this hypothesis, indicated that the spots were not of a permanent 
nature, but were merely transient phenomena, arising probably from 
physical changes occurring on the surface of the satellite. On the other 
hand, if the motions of rotation and revolution were not equal, the satel¬ 
lite might turn a different hemisphere to the observer on the occasion of 
each transit, and the variations in its appearance might be accounted for by 
supposing that there existed permanent tracts of great extent on its surface 
which reflected only a small portion of the solar light which fell upon 
them. Sir William Herschel has shewn, from his observations, that the 
periods of rotation and revolution of the satellite are equal, whence it 
follows that the spots cannot be permanently attached to its surface. They 
must, therefore, arise from changes occasionally occurring either on the 
surface of the satellite or in its atmosphere. The other satellites have 
been found to exhibit appearances similar to those of the fourth*, and as, 
in the case of each of them also, the periods of rotation and revolution are 
equal, a similar conclusion is equally applicable to them. The interesting 
fact, that eadh of the four satellites performs a complete rotation on its axis 
in a period equal to that of its revolution round the planet, was deduced by 
Sir William Herschel, from a comparison of the relative quantities bf light 
emitted by the satellites in different parts of their orbits. He discovered 
that all the satellites were subject to great variations of brightness in the 
course of their revolutions round the planet, but, having carefully watched 
the appearance of each satellite throughout a great number of revolutions, 
he invariably found that when it arrived in the same position of its orbit it 
exhibited the same degree of brightnessf. The obvious conclusion was, that 
the rotatory motion of each satellite was equal to its orhitual motion round 
the planet. This curious fact had been already established in the case of 
the moon and the fifth satellite of Saturn, and there is good reason to sup¬ 
pose that it forms an essential characteristic of the movements of all 
the secondary bodies of the planetary system. 

The determination of the magnitudes of the satellites has formed an 
interesting object of research to astronomers, but it is attended with 
great difficulty, in consequence of the extreme minuteness of the bodies, 


* Maraldi found that the third satellite, on the occasions of its transit across the disk of 
the planet, exhibited variations similar to those which he remarked in the fourth satellite 
{M^m. Acad, des Sciences, 1707, p- 193). According to that astronomer, Cassini had 
previously noticed similar variations in all the satellites. The observations of Cassini 
and Maraldi were confirmed soon afterwards by those of Pound (Phil. Trans., 1719, p. 
902). Bianchini was the first person, who discovered that the satellites are subject to great 
variations of brightness in other parts of their orbits, as well as in conjunction. He 
remarked that the fourth satellite sometimes became so small as to be almost invisible 
(Mem. Acad, des Sciences, 1714, p. 32). 

t Phil. Trans., 1797, Part II., p. 332, et seq. 
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and.tboir immense distances from the earth. It is only when viewed with 
the exquisite telescopes of the present day that they have finally exhibited 
real disks of appreciable magnitude, and consequently it was impossible 
on any previous occasion to ascertain their apparent diameters by direct 
measurement. In 1734, Maraldi II. attempted to determine their mag¬ 
nitudes by noting the times which they occupied in entering upon the disk 
of the planet. In this manner, he found that the linear diameter of tlie 
third satellite amounted to of that of Jripiter, and the diameters of the 
other three satellites to aboutof the same unit’!'. Now Jupiter, at his 
mean distance from the sun, appears under an angle equal to 30".7. 
Hence, according to Maraldi, the apparent diameters of the satellites, 
when viewed at the same distance, would be for the third satellite, and 
for the three others. These results coiisiderably exceed the true 
magnitudes of the angles as determined by micrometrical measurement. 
In 1738, Whiston gave a statemeiit of the magnitudes of the satellites, 
but he does not mention upon what grounds it is founded. Tie estima,ted 
the third satellite to be equal in size to the Earth or Venus; the first to 
be equal to Mars ; the second to be somewhat larger than Mercury ; and 
the fourth only a little larger than the Moonf. Bailly attempted to de¬ 
termine the magnitudes of the first three satellites by noting the times 
which they occupied in entering into the shadow of the planot, or in 
emerging from it|. This method is not susceptible of great precision, and 
consequently the results obtained by that astronomer were not regarded as 
worthy of any confidence. Lalando subsequently determined the magni¬ 
tude of the fourth satellite by the same method§. Sir William TIerschel 
determined the magnitude of the second satellite by noting the time which 
it took to enter upon the disk of the planet. Having fouink, from obser¬ 
vations of the transit which took place on the 38th of July, 1794, that an 
interval of four minutes elapsed between the instant of the satellite’s ex¬ 
terior contact with the margin of the planet, and that of its complete f^ro- 
jection on the disk, he hence determined hy calculation that at the mean 
distance of Jupiter from the sun it would subtend aii angle equal to 0''^,87||. 
He did not attempt to determine the magnitudes of the other satellites hy 
the same method of strict calculation, but, from a nice estimation of the I'cla- 
tive magnitudes of the four bodies, he concluded that the third satellite 
is considerably larger than any of the others ; that the first is nearly of 
the size of the fourth ; and that the second is a little smaller than either 
of the two latter, or the smallest of all. Schroeter and Harding deter¬ 
mined the magnitudes of the four satellites hy means of observations of 
their transits over the disk of the planet. According to the results at 
which they arrived, the apparent diameters of the four satellites, when viewed 
from the earth, at the mean distance of the planet, are severally 
0'’'.870, I'-'.SJS, and 1^'.074, commencing with the first satellite, and pro¬ 
ceeding in the order of their distances from the plaiiet*!!'. The result for 
the second satellite agrees very nearly with that deduced by Sir William 
Herschel. 

In 1826, M. Sti’uve determined the magnitudes of the satellites by mi¬ 
crometrical measurements of their disks with the great Dorpat refractor. 
The following are the apparent diameters which they would severally ex- 

* M4m. Aoad. des Sciences, 1734. 

t Longitiade discovered by means of Jupiter’s SatelHl-es,” London, 1738, p. 7. 

t Mem. Acad, des Sciences, 1771. § Ibid., 1774. 

II Phil. Trans., 1797, Part II., p. 350. Tt Mem. Ast. Soc., vol. iii., p. 301. 
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hibit, supposing tbem to be vie^ved at the mean distance of tlie planet 
from the eartb * * * § ;— 


Apparent diameter of 1st satellite 
j> 9nd ,, 

jj 3rcL ,, 

j> >j 4th ,, 


1".015 
0 .911 
1 .488 
1 .973 


These results present a very satisfactory accordance "with those which 
Sohroeter and Harding obtained by a less direct method. They also harmo¬ 
nize adrnirably with the estimations which Sir William Herschel formed of 
therelatWe magnitudes of the four bodies. The coincidence in the last-men¬ 
tioned instance is especially valuable, inasmuch as it shews the degree of 
confidence that may be placed in the appergus of Herschel, with respect to 
many delicate points in the science of astronomy, which rest mainly on the 
sagacity of that great observer. From the abovb measures of M. Struve 
it is easy to infer that the linear diameters of the four satellites, commenc¬ 
ing wth the first and proceeding outwards, are severally 2439 miles, 2180 
miles, 3561 miles, and 3046 miles. It appears, therefore, that the third 
satellite exceeds Mercury in magnitude by a small quantity, and that the 
second is about the size of the Moon. The first and fourth satellites of 
course occupy, in respect of magnitude, an intermediate position between 
these two bodies. 

Saturn, when viewed with the telescope, exhibits obscure bands, dis¬ 
posed in parallel directions across the centre of his disk, analagous to 
those which encompass the body of Jupiter, though not so well defined. 
These bands were first observed by Dominique Oassini, but they appeared 
so faint and uniform that he was unable to draw any conclusions from 
them. ^ In the year 1715, when the ring had totally disappeared, J. 
Oassini examined the planet with a telescope of 114 feet focal length, 
and perceived two broad bands exactly parallel to the plane of the ring, 
and extending over a considerable portion of the disk. He searched in 
vain for a spot which, by observations of its position at different intervals, 
might indicate a rotatory motion ; but, from the circumstance of all the 
satellites, except the most distant, revolving in the plane of the ring, he 
slirew^dly suspected that the planet revolved about an axis perpendicular 
to that planei*. It was reserved for Sir William Herschel to establish 
this fact hy observation, and also to assign the period of rotation. He 
commenced his examination of the planet in the year 1775. By means 
of his powerful t^pcopes, he discovered that the belts were in a state of 
constant change, and from their arrangement, which was generally parallel 
to the ringj, he inferred the probability of the planet revolving round an 
axis perpendicular to the plane of the ring. His suspicion of a rotatory 
motion was confirmed upon finding that a spot which he discovered on the 
19th of June, 1780, occupied different positions of the disk on each of the 
two following evenings §. On the 11th of November, 1793, having exa- 


* Mem. Ast. Soc., vol- iii., p. 301. 

f M4m. Acad, des Sciences, 1715. 

t In the course of his earlier observations of the planet. Sir William Herschel occa¬ 
sionally discovered belts which deviated sensibly in direction from the plane of the ring. 
Cassini had in some instances observed belts on Jupiter’s disk disposed in a similar manner* 
(ylTzc- Acad, des Sciences^ tom. x., p. 683.) In the latter case they were generally the 

precursors of extensive changes in the arrangement and appearance of the equatorial 
belts. It is very reasonable to suppose that these anomalous belts are the indications of 
tempestuous movements in the atmospheres of both planets. 

§ Phil. Trans., 1790, Part h, p, 16. 
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mined tlae planet with his seven-feet reflector, he perceived a bright 
and uniform belt situated a little to the south of the shadow of the ring. 
Close to it was a darker belt, in which were two narrow divisions, so that 
the planet appeared to be encompassed by a quintuple belt, composed of 
three dark and two bright belts. By watching the variations in the appear¬ 
ance of this belt he discovered that the planet revolves round an axis per¬ 
pendicular to the plane of the ring in the short period of 10^' 16”^ 0®.44*. 
The observations by means of which he arrived at this interesting conclusion 
extended from December 4, 1793, to January ].6, 1794, and included 100 
rotations of the planet. It is ■svorthy of remark, that Huyghens inferred, 
from the shortness of the period of the satellite discovered by him, that the 
planet had a rapid rotation on an axis. We have already mentioned that 
Kepler had previously hazarded a similar conjecture with respect to Jupiter. 

The discovery that Satuim is compressed at the poles, is also due to 
Sir William Plerschel. In 178JJ, he determined the lengths of the equa¬ 
torial and polar axes of the planet, by micrometrical measurement with his 
20-feet reflector. He found the apparent equatorial diameter to be 
22'"'.81, and the apparent polar diameter to be 20''.61, whence it followed 
that the two diameters were to each other nearly as 11 to lOf. The 
precise ellipticity indicated by these measures was equal t© 0.09645. So 
far the results of observation presented a satisfactory accordance with 
those derived from mechanical principles, and Saturn appeared to conform 
in this respect to the analogy of the other planets. In 1805, however, 
the same astronomer announced the existence of an unexpected irregu¬ 
larity in the figure of the planet. The equatorial diameter appeared to 
exceed the polar, agreeably to his previous observations, but he now found 
that the longest diameter occupied an intermediate position between them, 
so that the planet, in consequence, exhibited the form of a quadrangle 
with the four corners rounded off. He determined by actual measure¬ 
ment that the three diameters were as 36, 35, 32, and that the longest 
diameter was inclined to the plane of the equator at an angle of 43° 20 J. 
The observations of the following year convinced him that he had made 
the equatorial diameter too short, and he finally adopted 36, 36.41, and 
32, as the numbers expressing the relative lengths of the three diameters. 
By this revisal the anomaly in the figure of the planet was to some extent 
diminished. It is worthy of remark, also, that the ellipticity assigned by 
the new values of the equatorial and polar diameters coincides with that 
deducible from the measures of 1789. This circumstance is the more 
satisfactory, as the original determination of the elli]^city by the illus¬ 
trious astronomer lias been found to accord exactly witll that derived from 
the most recent micrometrical measures of the axes of the planet §. 

The irregularity in the figure of Saturn, to which allusion has just been 
made, was regarded by astronomers as an inexplicable anomaly in the 
plteetary system. Herschel ascribed it to the attraction of the ring. It 


Fhil. Trans., 1794, p. 62. t Ibid., 1790, Part I., p. 17. t Ibid., 1805, p. 280. 

work which the author has seen containing any allusion to the observations 
the £gure of Saturn, it is stated that the diametral values 36, 35, and 32 
,at which he arrived. The material revisal mentioned in the text 
L!* of, although nothing can be more distinct than the 

on this point. The following are his express 
verw diameter of my last year’s figure is, however, a 

l4»e polar diameter as 35.41 to 32, which is 
I have hitherto found no reaton to 
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was found, however, upon investigation, that the ring was not capable of 
producing an effect similar to that?indicated by the observations of Herschel. 
The subject of the figure of the planet, therefore, excited a lively interest, 
more especially on account of the high authority upon which the alleged 
irregularity rested. In 1 838, Bessel resolved to ascertain the figure of the 
planet by direct measurement. BEe had been led to suspect that the ob¬ 
servations of Herschel were illusive—in the first place, because they were 
at variance with the results of theory, and, in the second place, because 
they were made under unfavourable circumstances, the contour of the 
disk having been broken by the ring, which, in 1805, was very open. 
By careful micrometrical measurement, he found that the apparent mag¬ 
nitude of the equatorial diameter of the planet at the mean distance from 
the earth, was 17''.053, and that the apparent magnitude of the polar 
diameter was These results gave 0.098047 for the ellipticity, 

upon the supposition that the figure of the planet was an oblate spheroid. 
We have seen that Herschel made it 0.09645. The two results do 
not therefore differ by so much as either. In order to ascer¬ 

tain the real figure of the planet, Bessel in the first instance assumed 
that it was an oblate spheroid whose ellipticity was equal to that indicated 
by the ratio of the two axes, and having calculated, upon this supposition, 
the lengths of several diameters inclined at different angles to the plane 
of the equator, he compared them with the corresponding results ob¬ 
tained by direct measurement. A complete accordance was found to 
subsist between the calculated and measured diameters of the planet, con¬ 
sequently no doubt could henceforth exist that the figure of the latter is 
in reality that of an oblate spheroid. The following are the results at 
which Bessel arrived :— 


Distance from 
the Equator. 

Measured Diameter. 

Calculated Diameter. 

0^ 0' 

22 30 

45 0 

07 30 

90 0 

1 

]7'M39 

16 .679 

16 .242 

15 .605 

15 .332 

ir'.053 

16 .777 

16 .160 

15 .607 

15 .394 


It is impossible to contemplate these numbers without a feeling of 
admiration of the theory which is capable of responding so faithfully to 
the requirements t# nature, and of the exquisite skill displayed by the 
illustrious astronomer who executed measures so singularly delicate as 
those above given with a success apparently so complete. 

Sir William Herschel was induced to suspect from his observations 
that Saturn is surrounded by an atmosphere of considerable extent. 
Having assiduously observed the belts of the planet during the period in¬ 
cluded between the years 1775 and 1780, he found them to be subject 
to incessant variations, analogous to those which characterize the fluctuat¬ 
ing movements of an atmospheric fluid. The phenomena observed by 
him during the occultations of the satellites were also favourable to the 
same hypothesis. He found in each instance, that the satellite, after 
coming up to the planet, continued to hang on its limb for some time before 

* See an account of Bessel’s researches on this subject, translated from the original 
German, in the Connaissance des Temps fox 1838. 
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it actually vanished. The seventh satellite was observed by him on. one 
occasion to linger in contact with the disk for the space of SO minutes; 
This would give 2''' for the amount of the horizontal re fraction at the 
surface of the planet*. It would be hardly safe to draw any positive 
conclusions from so minute a result. Herschel did not fail to remark that 
the irradiation of the planet was not taken into account. He, how¬ 
ever, discovered other phenomena which afforded more palpable indi¬ 
cations of the existence of a Saturnian atmosphere. He perceived an 
occasional brilliancy in the surface of the planet around both the poles, 
anEilogous to that observed in the polar regions of Mars, and he found, 
as in the case of that planet, that the region around each pole dimi¬ 
nished or increased in brightness, according as it was more or less ex¬ 
posed to the influence of the solar rays. In 1793, when the south pole 
had been long turned towards the sun, he perceived that the whole surface 
around it was of a pale whitish colour, far inferior in brightness to the 
ring, and not even equal in this respect to the white belts encompassing 
the equator of the planet. On the other hand, the surface around the 
north pole, which had been less exposed to the solar rays, was of a bright 
white colour. In 1806, the north pole having been for some time illumined 
by the sun, the regions around it had lost much of their lustre, but those 
around the south pole appeared to him to regain their former bright 
colour. The latter were now decidedly brighter than the equatorial regions 
of the planet, as was evident from the appearances they severally exhi¬ 
bited when viewed with the telescope. With a magnifying power of 627, 
the south polar regions continued to appear very white, while, on the con¬ 
trary, the regions near the equator assumed a yellowish tinge f. Herschel 
suggests to future astronomers the prosecution of attentive observations 
of these interesting phenomena, with the view of establishing a definitive 
connexion between them and the vicissitudes of the Saturnian year. It 
is manifest, as in the case of Mars, that such appearances necessarily 
imply the existence of an atmosphere, whether they be supposed to arise 
from variations in the temperature of the planet, or from the fluctuating 
movements of vapours suspended above its surface. 

Among the many objects which excited the admiration of Galileo when 
he first turned the telescope towards the heavens, there was none which 
filled his mind with such astonishment as the appearance presented_ by 
Satui'ii. Writing on the 13th of November, 1610, to Julian de Medicis, 
the Tuscan Ambassador at the Imperial Court, he announced to him 
having discovered, to his great admiration, that Saturn was not a single 
planet, but was composed of three bodies, which almost touched each 
other, and constantly maintained the same relative position. He re¬ 
marked that the three bodies were arranged in the same straight line; 
that the middle body was the largest, and that the two others were situated 
respectively on the east and west sides of it. He added that, with tele¬ 
scopes of inferior power, the planet did not appear triple, but exhibited an 
oblong form, somewhat like the shape of an olive J. The illustrious 
philosopher did not long continue his observations of the planet before 
nb discovered that the lateral bodies did not constantly retain the 
same apparent magnitudes. In a letter to Oastelli, dated the 80th of 
Hecember, 1610, be mentioned that, since the month of July, the two 

* PHI Trans., 1790, Fart 1, p. 15. f Ibid., 1806, Part II., p. 464, et seq. 

$ Opere dl Clalileo, Pad., tbin. ii,, p. 41. 
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bodies bad been gradually diminisbing, although they appeared to be im¬ 
moveable, both with respect to each other and to the central body*. They 
continued to grow less and less during the course of the two following 
years, at the close of which they finally vanished altogether, leaving 
the planet quite round, like Jupiter. Galileo announced this mysterious 
disappearance of the phenomenon in his third letter to Welser, dated 
December 4, 1613. The astonishment which he felt on the occasion was 
mingled with a feeling of alarm lest the Aristotelians, taking advantage 
of his inability to adduce an adequate explanation of the cause of disap¬ 
pearance, should attempt to make his observations a subject of derision, 
by alleging them to have been destitute of ,any foundation in nature. 

“ What,” he remarks, “is to be said concerning so strange a metamor¬ 
phosis? Are the two lesser stars consumed after the manner of the solar 
spots? Have they vanished and suddenly fled? Has Saturn perhaps 
devoured his own children? Or were the appearances indeed illusion or 
fraud, with which the glasses have so long deceived me> as well as many 
others, to whom I have shewn them ? Now, perhaps, is the time come 
to revive the well nigh withered hopes of those who, guided by more pro¬ 
found contemplations, have discovered the fallacy of the new observations, 
and demonstrated the utter impossibility of their existence. I do not 
know what to say in a case so surprising, so unlooked for, and so novel. 
The shortness of the time, the unexpected nature of the event, the weak¬ 
ness of my understanding, and the fear of being mistaken, have greatly 
confounded me.”f 

During the course of nearly half a century which elapsed after the in¬ 
vention of the telescope, the singular vicissitudes which the appendage of 
Saturn underwent, continued to form an inexplicable enigma to astrono¬ 
mers. The only real progress made towards its explanation consisted 
in arriving at more accurate views of the appearances exhibited by it 
in the telescope and in ascertaining the time which it occupied in 
passing through the cycle of its phases. Instruments superior to those 
of Galileo shewed that the objects composing the appendage were not 
round like the other celestial bodies, but rather resembled two luminous 
crescents, attached by their cusps to the planet, and forming, as it were, 
two handles to it. The conformation of these handles, or anscR, was 
found to be subject to a slow alteration, which caused the appearance of 
the planet to be constantly changing. "When the ansse first became visible, 
after the planet had passed through its round form, they appeared like two 
arms extending on each side of the planet, but they continued gradually to 
open out during the following seven or eight years, at the close of which they 
again began to contract, and after an equal lapse of time, vanished entirely, 
when the planet again assumed its round form. The appendage therefore 
completed the cycle of its various appearances in about fifteen years, or half 
the period of the planet's revolution round the sun. It was reserved for 
Huyghens to discover the true cause of these singular changes. He first com¬ 
municated to the world his explanation of them, under the form of an enigma, 
in a small tract, entitled, “De SaturniDuna Observatio Nova,” published 
in 1656 ; but he subsequently gave an explicit announcement of tbe real 
nature of the appendage of the planet, with a detailed exposition of its 
theory, in a book written expressly on the subject which appeared in the 
year 1659 |. In this work, before proceeding to explain his own theory, he 

* Opere di Galileo, Edit. Pad., tom. ii., p, 46. + Ibid., p. 152. 

:|: Systema Saturnium, 4to. Hagse, 1659. 
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considers the various hypotheses which had been advanced by astronomers 
with, a view to account for the appearances of the planet, and he points out 
the insuperable difidoulties by which each of them is accompanied. 
Roberval, it must be acknowledged, approached more nearly to the true 
explanation of the phenomenon tban any of his contemporaries. He 
supposed that vapours capable of reflecting the rays of the sun escaped 
from the torrid regions of Saturn, and; after attaining a certain elevation, 
remained in a state of suspension around his eguator. When they filled 
the whole space included between the surface of the planet and the 
region of their highest elevation, they caused the planet to assume an 
elliptic form. When they ascended in less abundance, a wide space was 
left between them and the planet, and they only reflected the solar light 
in the parts that were densest, which, relatively to an observer at the 
earth, were the parts most remote from the centre of the planet. In this 
case the appendage would resemble two ansee with obscure spaces between 
them. W^hen no vapours ascended, the planet would appear quite round *. 
BCuyghens objected to this hypothesis that it made the exhalation of 
vapours to depend upon the position of the planet in its orbit (since the 
rotmd phase occurred when the planet was in two opposite points of the 
ecliptic, and the opening of the ansse was greatest when it was about 90® 
distant from either), while at the same time it assigned no cause why the 
vapours should cease in some parts of the orbit, and in other parts should 
ascend in great abundance. With respect to the alleged elliptic form of 
the planet, he had already shewn that it did not exist, being in fact an 
illusive appearance which the planet assumed when it was observed with 
telescopes incapable of exhibiting the dark spaces between the ansae. It 
was therefore a superfluous task to assign its cause. 

Huyghens introduces his own explanation of the phenomenon by re¬ 
marking that all the primary bodies of the planetary system, beyond 
doubt, revolve about fixed axes. He further considers it to be established 
by observation, that the rotatory motion of each primary is more rapid 
than the orbitual motion of any of the smaller bodies circulating round it, 
and he hence concludes that Saturn and his appendage revolve with a 
rapid velocity round an axis. In 1655, while he was engaged in ponder¬ 
ing upon this subject, the planet exhibited an appearance which strongly 

* Delambre appears to have committed a slight inadvertence in his account of 
Roberval’s theory as explained by Huyghens. The following are the terms in which he 
notices it :—“ Roberval avait imaging que Saturne etait rond comme les autres planetes, 
mais que de son 4quateur il s’echappait des vapeurs, qui demeuraient suspendues a. certain 
distance et formaient autour de la planets un cercle qui, vu par nous obliquement, devait 
se montrer comme une ellipse.”— jHist, A.st, M.od., tome ii., p. 564. It will be seen, 
however, by reference to the original, that Huyghens makes no allusion whatever to the 
principle of perspective, that a circle exhibits the form of an ellipse when viewed 
obliquely with respect to the visual ray. The figure which Roberval ascribes to 
the planet is a real not an apparent ellipse, being occasioned by the absence of vapours in 
the polar regions of the planet, in the same manner as the flattening at the poles of 
Jupiter causes the disk of that planet to assume the form of an ellipse. But although 
the French astronomer does not appear to have recognized clearly that the opening out and 
closing of the ansae might be explained by the variable obliquity of the vaporous scone 
with respect to the visual ray, he very sagaciously conjectured, by the aid of considerations 
identical with those which conducted Huyghens to a similar conclusion, that the appendage 
must encompass the planet equally in every direction. This is candidly acknowledged by 
Huyghens himself (See Systema Saturnium, p. 42, Opera Varia, vol. ii., p. 562). 
There was a good deal of truth in Roberval’s views, but it is clear that he wanted the 
yigour of mind necessary to correct his theory by instituting a close compari.son bet ween 
its results and the ifecorded observations of astronomers. 
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attracted his attention. The appendage resembled two arms extending 
in the same right line on opposite sides of the planet, as if an axis 
had passed through its centre- As the appearance of this axis was con¬ 
stantly the same, when observed from day to day, he concluded that the 
appendage must encompass the planet similarly in every direction so as 
to assume the form of a ring; for it was manifest that the rapid 
rotation of the planet and its appendage was incompatible with any other 
supposition. On the other hand, if this be once admitted, the appendage 
obviously would exhibit the same appearance whatever might be the 
velocity of rotation. When he proceeded to compare the various ap¬ 
pearances of which such a ring is susceptible with the recorded observa¬ 
tions of the phases of the planet, he soon found that they could not be 
reconciled without supposing the plane of the ring to be inclined to the 
ecliptic at a constant angle, similarly to the plane of the terrestrial 
equator. The existence of the ansae indicated also to him that the ring 
did not adhere to the surface of the planet, but was everywhere separated 
from it by an interval of equal breadth- Assuming these particulars 
with respect to the ring, he found that all the appearances of the planet 
might be satisfactorily accounted for by means of such an appendage. 
The logogriphe containing his explanation of the phenomenon was pub¬ 
lished by him in the following form :— 

aaaaaaa ccccc d eeeee g h iiiiiii 1111 mm nnnnnnnnn oooo pp q rr s ttttt 

uuuuu 

He now restored the letters- to their original places, when they stood 
thus :—- 

annulo cingitur, tenui piano, nusquam cohserente, ad ecliptioam inclinato ; 

or, in other words, “ the planet is surrounded by a slender flat ring, 
everywhere distinct from its surface, and inclined to the ecliptic.” Nothing 
can be more convincing or beautiful than the explanation which this 
theory affords of the various phenomena presented by the planet. When 
the position of the planet in its orbit is such that the plane of the ring 
passes through the sun, the edge only of the ring is exjoosed to the solar rays, 
and the extent of the illuminated surface being very small, it is incapable 
of producing a sensible impression on the visual organ. In this position, 
then, the ring is invisible, and the planet presents a round appearance, like 
the sun or full moon. The ring also disappears when its plane passes 
through the earth, for, although one of its sides may then be illuminated by 
the sun, it is only the edge which is turned towards the observer. Besides 
these two causes of disappearance, which are of a transient nature, and render 
the ring invisible only for a few days at most, there is a third cause which 
generally continues in oj)era”tion during a longer period of time, and pro¬ 
duces a more lasting effect. When the planet is so situated that the plane 
of the ring passes between the earth and the sun, the unenlightened side 
of the ring is then turned tow-ards the earth, and consequently during the 
whole time that the planet is in this position (which frequently extends 
to several months) the ring will be invisible. The same theory affords an 
equally satisfactory account of the different phases assumed by the ap¬ 
pendage of the planet during the period of its visibility. It is manifest 
that when the plane of the ring passes through the suu, and when conse¬ 
quently the ring ceases to be visible, the planet, if viewed from the sun, 
would appear in the node of the ring. When the planet revolves from 
this position, the sun commences to ascend above the plane of the 

s 
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rlaa wd tl\© Httar ir^ cansequerioe becomes visible in of ft vei^y 

©lionaftied ellipse* gradually opening out in breadth* The ellipse aPB-^ 
tdnues to approaoh towards ft circular form, until the planet has reached ft 
distance of 90 ■ Item the node of the ring, when the elevation of the snn 
above the plftBO of the ring has attained its maximum. The ring hehOO- 
forth begins to contract, and the same succession of appearances* W ft rs- 
varsp order, will obviously ensue, as the planet revolves tow^ds the oppo¬ 
site node, ^hera the ring again will cease to he Risible. 
therefore, complete the cycle of its phases m a period equal to half a resolu¬ 
tion of the planet round the sun, or in about fifteen years, The appearance, 
will not he, materially different whether the ring he viewed from the earth 
or the sun, except during the time that the planet is m the vicinity of 
either of the nodes of the ring. At such a juncture the combined motions 
S the earth and the planet may cause the plane of the ring to pass more 
than onoe through the earth, and the ring may, in consequence, disappear ma 
twicAefow to plane toe entirely ewept oyer the 
Huyghen^ predicted that the planet would appear round m 
of July or August, 1671.- Oassini, in fact, found that the rmg totally dis- 
foWs the end of May, in that year. The coincidence wap snf- 
s%^§fa^?fW, considering that the position of f 
upon wiaich the times of the round phase of the planet depends* could not 
possibly have been determined with a great degree of accuracy, 

^ The position of the ring is usually determined by the inclination of 

its plane to the ecliptic and the longitude of its ascending no e. _ 

the plane of the ring was perpendicular to the 

appear like a luminous line at the node, and would 

open out, until it finally assumed the form of a circle at a ^ 

90® from the node. Now it appears, from observation, that ^ 

^ift of :he ellipse, which the form of the ring ususdly 

^t;beoom@ equfd to the major 

. The obvious Bonhlusmn, therefore, la 
perpendicular to the ecliptic, but m inclined to it at a^senmM© 
akal© Tt is e®ey to shew, from the principles of perspective, tMt when. 
If pl^t IXa distance of 90° from the node of the nng, the major 
■ axis of the eilipse is to the minor axis as radius to the sme of 
oontained between tbe plane of the^ring and f 

taking into account tbe elevation of Saturn above the plane of the ecliptic 
upon which, to a certain extent, the direction of the visual my depends, it 
S^easy to determine the inclination of the plane of the rmg to the ec^ 
Huyghens originally supposed that the pipe of the ring was paiallel to 
the^eqnator, and hence inferred that its inclination to the plane of the 
pplintic was 23° 30', In 1668, however, Picard and himself found, by 

meSurernents made with a telescope of 21 ^ 

clination was 31° This was a nearer approximation m the true value 
1hfm any other which astronomers had arrived at previous to the oom- 
of the present century. The longitude of the node of the 
ia deieKBined hy the position of the planet relative to the sun ot t 
during the disappearance or reappearance of the ring; for it is mpi- 
When the snn or the earth passes through the plan® of ^^^ae rnp, 
heliocentric longitude of the plauet in the one case, and the geocentric 
' ' > in the other, are equal to the longitude of the node of the ring, 

^ t. 1669, p. 900. 
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Huyghens first fixed tfie asoeuding node of Ube ring in. of longittndt, 
and ^terwaris in lTO® SO', Tfie elder Maraldi was the first astroaemer 
who gave a complete theory of the method for determining the elements 
of the ring, I’rom ohservationa of the passage of IT 16, he found that the 
inolination of the plane of the ring was 31® ^0', and that the longitude of 
the ascending node was 166*^ IT'*, Lalande adopted Maraldi’s value of 
the inclination, and hy means of ohservations of the passage of 1TT4, he 
determined the longitude of the ascending node to be X6T° 6'h This 
result he found to differ from Maraldi’s only hy X', taking into account 
the effect of precession which he estimated at 49' for the interval of 69 
years which had elapsed between 1TX5 and X774. He therefore inferred 
fib.at.the position of the node of the ring is invariable. The researches of 
subsequent astronomers have shewn, however, that this was an erroneous 
conclusion. 

In 1811, when the ring was very open, Bessel measured the axes of 
the ellipse, formed hy the ansae, and hence determined the inclination of 
the ring to he 38® 34'. X. This evaluation differed considerably from 
Maraldi’s, which had been hitherto adopted by astronomers. It received 
a strong confirmation, however, from the subsequent measures of M, Struve. 
In 1836, when the planet was at a distance of 90® from the node of the 
ring, and when, in consequence, the opening of the ring was again at its 
ma^timum, that eminent astronomer executed a series of micrometrical 
tneaaures of the axes of the ring with Fraunhofer’s great refractor, and 
hy means of them ho determined the inclination of the ring to be 28® 5'.9, 
He alsQ estimated that the prohable error of this result did not exceed 6'.4 h 

The value assigned by Bessel to the inclination of the ring was deduced 
from measures executed with a micrometer attached to a 16-inch tele^ 
scope, by Bollond. At a subsequent period, having obtained possession of 
a splendid heliometer, he resolved to employ it in determining the ele¬ 
ments of the ring with greater precision. In pursuance of this design he 
executed a great number of micrometrical measures of the apparent posi¬ 
tion of the ring during the period embraced between the years 1830 and 
1834. He also introduced into his investigation all the recorded disap¬ 
pearances and re-appearances of the ring, from the passage of the planet 
through the node of the ring in 1701, down to the passage of 1832. By 
a comprehensive and masterly treatment of the subject, he finally arrived 
at the conclusion that the longitude of the ascending node of the ring in, 
the year 1800 was 166® 53' 8".9, and that the inclination of its plane to 
the ecliptic was 28° 10' 44".7. He also found that the node of the ring 
retreats upon the plane of the ecliptic at the rate of 46".462 annually §. 
The result which he obtained for the inclination of the ring agrees with 
that deduced by M. Struve within the limits of error assigned by the latter 
astronomer. It may, therefore, be regarded as the most accurate deter¬ 
mination of that element which has yet been arrived at. 

In 16T6 Cassini, having observed Saturn after his emergence from the 
rays of the sun, discovered that the ring was divided into two parts by a 
black hand, so that it appteared to he composed of two concentric rings ||. 
This fact was confirmed by subsequent observations of the planet in differ- 
ferent parts of its orbit, from which it appeared that the band was constantly 

* Mem. Acad, des Sciences, 1715. f Ibid., 1774. 

^ Mem, Ast. Soc., vol. ii., p. 583. § Connaissance des Temps, 1888. 

H Anc. Mem. Acad, des Sciences, tome x., p. 583. 
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visible, and that its position on the northern side of the ring corre¬ 
sponded exactly to its position on the southern side , Sir WilUiam 
Herschel, without being aware of the reasons which induced Cassini and 
Maraldi to suppose an actual division of the ring into two smaller con¬ 
centric rings, undertook a most searching examination of the appear¬ 
ance of the dark band, with the view of deciding this delicate point, 
"Various facts were detected by this great observer which afforded un¬ 
equivocal indications of the duplicity of the ring. He found that the 
band was of the same colour as the space between the ring and the 
planet, and was equally well defined on both its borders. It also 
constantly exhibited the same breadth, colour, and sharpness of outline 
throughout the whole period of ten years, during which he observed the 
northern side of the ring. The passage of the planet through the 
descending node of the ring in 1789 having rendered the southern side 
of the ring henceforth visible, he found that the band existed on it, as 
well as on the northern side, and exhibited similar characteristics. He 
also perceived, agreeably to the observations of preceding astronomers, 
that the divisions on both sides of the xing corresponded exactly to each 
other. It was impossible, therefore, to avoid the conclusion, that the dark 
band indicated a material division of the ring, and that in fact, the planet 
was suri'ounded by two concentric rings, separated from each other by a 
space, through which the open heavens wex'e visiblef. The observa¬ 
tions of succeeding astronomers have afforded a complete confirmation of 
the justness of this conclusion. Some persons have even asserted that 
they have perceived a great number of concentric dark lines on the ring. 
This indication of the ring being divided into numerous parts was observed 
by Short and some of his contemporaries. In more recent times a similar 
phenomenon has been witnessed by He Vico, Encke, Lassel, and other 
observers. On the other hand Sir "William Hersohel and M. Struve, not¬ 
withstanding the high optical qualities of their telescopes liave not dis¬ 
covered any traces of the existence of such a subdivision of the ring. 

^ determination of the dimensions of the ring has formed an ixiterqait-' 

ing obifect of research to astronomers. Huyghens concluded, from his 
own observations, that the diameter of the ring was to that of the planet 
as 9 to 4 X. In 1719 Pound found, by means of a telescope of 1S3 feet 
focal length, that the two diametex's were as 7 to 3 §. In more x*ecent 
times the micrometrical measurements of Sir* William Herschel and M. 
Struve have led to an accurate knowledge of the magnitude of this stupen¬ 
dous zone. The following are the dimensions of the exterior and inte- 
rioi' ringSr as assigned by M. Struve:— 


1. Extei'ior diameter of the extexfor I'ing . . . 40'''.095 

3. Inner diameter of the exterior ring .... 

3. Exterior diameter of the interior ring . . . 34'‘'.475 

4. Interior diametei’ of the interior ring . . . 96''‘',668 

6. Equatorial diameter of Saturn ..... 17".09l 

6. Breadth of the exterior ring ..... Q''.403 

7. Breadth of the division between the lings . . . 0".408 

8. Breadth of the interior ring ..... 

si. Distance of the interior ring from the ball . . 4'-'.339 

10. Equatorial radius of Saturn . . . . , 8".995 


* Acad, des Sciences, 1715, p. 13. 

t S^wt^aaa Saturnium, p. 78, 


f Phil. Trans., 1792. 
§ Phil. Trans., 1719. 
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These IQeasufes are adapted to the mean distance of the planet from the 
earth. We may form an estimate of the linear dimensions of the ring 
from the fact that an object situated at the same distance, in order to sub¬ 
tend an angle of only 1", would require to have an absolute diameter of 
4387 miles. It is easy hence to infer that the exterior ring will have an 
absolute diameter of 175,928 miles! The dimensions of the other parts 
will of course bear a similar relation to their apparent magnitudes. 

Various circumstances concur to prove that the thickness of the ring must 
be very inconsiderable. When its plane passes through the earth or the 
sun (on either of which occasions its edge only is capable of reflecting the 
solar rays to the observer) it has been generally found to disappear, even 
when the most powerful telescopes have been directed towards it. When 
it is about to vanish, or when it begins to re-appear, after being for some 
time invisible, it resembles an excessively-narrow luminous line, before and 
behind which the satellites are observed to pass in the course of their 
revolution round the primary. Being sometimes apparently situated on 
the ring, these bodies were employed by Sir William Herschel as standards 
of comparison whereby to estimate its thickness. On such occasions the 
satellite was invariably found to project on the opposite sides of the ring,^ 
whence it followed that the ring could not be so thick as the diameter of 
the satellite. On the 29th of August, 1789, (when only three days had 
elapsed since the plane of the ring passed through the earth,) having pei-- 
ceived the third satellite upon the ring, he concluded that the thickness of 
the ring was not equal to one-third of the diameter of the satellite *. He 
estimated the diameter of the latter to be less than V '; consequently the 
thickness of the ring did not subtend an angle so great as O'^.S. If we 
suppose the planet to have been at its mean distance from the sun, this 
would indicate a thickness of 1462 miles. Even the seventh satellite, 
notwithstanding its extreme minuteness, was observed by Plerschel to 
pi’oject upon opposite sides of the ring. When the edge of the ring was 
almost completely turned towards him, the satellite, to use his own beau¬ 
tiful comparison, appeai-ed like a bead moving upon a thread. He was of 
opinion that the diameter of the satellite did not exceed a thousand miles. 
It was probable, therefore, that the ring was not more than a few hundred 
miles in thickness. The illustrious astronomer did not fa.il on this occa¬ 
sion to remark, that if the ring was surrounded by an atmosphere, the 
refraction which it would exercise upon the rays of light proceeding from 
the satellite to the observer, would cause an apparent projection of the 
satellite similar to that indicated by observation, even although its dia¬ 
meter considerably fell short of the thickness of the ring. It appears, 
however, from other considerations, that the projection of the satellite is 
in reality due to the extreme thinness of the ring. Schroeter, from obseiv 
vations of the breadth of the shadow which the ring threw upon the planet, 
when it was about to disappear, concluded that its apparent thickness at 
the mean distance of the planet amounted only to 0'''.125-1-. This indi¬ 
cates a real thicknes of rather more than 500 miles. Sir John Herschel 
estimates the thickness not to exceed the half of this quantity. He is of 
opinion that if it even subtended an angle of 0".05 the ring would have 
been visible when the planet was observed by him, with a 20-feet re¬ 
flector, on the 29tli of April, 1833 

* Phil. Trans., 1790, Pt. I., p. 6. + Mem. Ast. Soe,, vol. ii., p. 517. 

^ Outlines of Astronomy, p. 315. Only three da;)'S had then elapsed since the piano 
of the ring passed through the earth. 
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While engaged in observing the planet when the edge of the ring was 
turned towards him, Sir William Herschel perceived several lucid protu*- 
betances upon the ring, the positions of which could hot be reconciled with 
the actual motion of any of the satellites. His suspicion that they were 
phenomena of a distinct character was strengthened by the fact that they 
never came off the ring and showed themselves as satellites. The ques-^ 
tion occurred to him whether they might not be the indications of an 
eighth satellite revolving between the seventh satellite and the planet. < 
Hy comparing together the different positions of the brightest of the spots, 
he found that they might be accounted for, by supposing the spot to 
revolve round the planet in a period equal to 10'* 32™ 15*.4. Having 
then computed, by means of Kepler’s third law, the distance at which a 
satellite would require to he placed, in order that it might accomplish a 
complete revolution round the planet in the same time, he found the re¬ 
sult to be 1Y^''.237'. This distance would bring the satellite precisely 
upon the plane of the ring. It followed, therefore, either that the parti¬ 
cles of the ring possessed sufficient mobility to allow the satellite to 
revolve through them, or that tbe variable positions of the lucid protuhe- 
r&neeS arose from a revolution of the ring itself around the planet. That 
the rlhg was not fluid, but, on the contrary, was composed of a substance 
as solid as the materials of the planet itself, appeared to him evident, from 
the sharp definition of its borders, the brilliancy of the light reflected by 
it, and the darkness of the shadow which it threw upon the body of the 
planet. It was impossible, therefore, to withhold the conclusion that the 
ring is endued with a rotatory motion round the planet, which it completes 
in the short period of 10'* 32™ 15^.4 This result presents a complete 
accordance with that which Haplace deduced about the same timej from 
an, investigation of the mechanical conditions which are necessary to assure 
the stability of the ring. It must be acknowledged, however, that the 
bbSeirvations of Schroeter and Harding, on the occasion of the disappear¬ 
ances 6f the ring in 1803, are in direct contradiction to a rotator;^ motion 
nf the ring about tbe planet. These astronomers observed several lueid 
points upon the ring which continued immovable during a period of 
eight hours. When watched also from night to night, the points were al¬ 
ways found to retain the same position f. A. similar objection to the 
rotation of tbe ring has been indicated by the observations of Prof. Bond, 
of Cambi'idge, U.S., on the occasion of the disappearance of the ring in 
1848 1. Another fact has been established by tbe observations of astrono¬ 
mers which, although essentially explicable by tlie principles of mechani¬ 
cal science, is accompanied by a phenomenon totally at variance with the 
supposition of a rotatorj’^ motion of the ring. In 1826 M. Struve found 
that the ring is not concentrically situate with respect to the planet. It 
appeared from micrometrical measurements, that the distance of the outer 
edge of the ring from the body of the planet was equal to 1 P''.288 on the 
east side of the planet, and only to 11".073 on the west side. The ring 
was, therefore, nearer to the west side of the planet than it was to the east 
side by 0'''.215 §. That tbe ring should revolve eccentrically with respect 
to the planet, is a condition which accords admirably with tbe principles 
1ip©h Which its conservation depends ; but the fact of its invariably de¬ 
viating towards the same side of the planet cannot be reconciled with the 

T 179p, Pt. Ili, p. 480. Connaissancc des Tetnps, 1808. 

3; Prbc. &bc., t>6cember, 1849. 

§ Mem. Ast. Soc., vol. iii., p. 301. 





SilJ)p(>sition of a re'Voliitioii of atLy" kind whatever. Xiastly, there ia d 
ciroutnataiiea attending the disappearances and re-appearances of the ansae 
which is uiifaVourable to the existence of a rotatory motion of the ring. 
It has been freq^uently found on sneh occasions that one ansa alone was 
visible, and in by far the greater number of cases this was the western 
ansa. It is difficult to reconcile this fact With the rapid rotation assigned 
to the ring by Herschel, since, Upon the Supposition of such a movement, 
a complete alternation onght constantly to take place in the appearance of 
the ansEO at the close of every five hours. There are, indeed, some ohset'^- 
vations of this kind, such as those of Cassini and Maraldi to he noticed 
presently, which positively favour the hypothesis of a rotatory motion of 
the ring. The interesting observations of the Rev. 'W. R. Dawes, on the 
occasion of the passage of the plane of the ring across the terrestrial orbit, 
in 1848-9, also lead uneciuivocally to the same conclusion. The rotation 
of the ring can hardly, therefore, admit of any doubt, although there are 
Some difficulties attending the subject which remain to he explained. 

Sir William Herschel first remarked that the light of the ring iS brighter 
than that of the planet. With a high magnifying power the light of the 
planet assumed a yellowish tinge, wdiile that of the ring still continued 
white By means of the superior brilliancy of the ring he was enabled 
to trace it in those parts where it crossed the luminous disk of the 
planet+. It has been already mentioned that Cassini found the interior 
kng to he brighter than the exterior ring. He compared the difference 
hfetween the two rings in brightness to that which subsists between 
polished and unpolished silver J. The observations of succeeding astf6- 
notners lead to a similar conclusion. Sir William Herschel discovered 
that the interior ring gradually diminishes in brightness towards the inner 
edge, the light of which, according to him, does not exceed in intensity 
that of the dark equatorial belts of the planet §. A similar remark has 
been made by M. Struve, who considers that the inner edge of the interior 
ring is less sharply defined and less regular in its construction than the 
outer edge 11. In all calculations relative to the disappearance and re¬ 
appearance of the I’ing, it has been assumed hy astronomers that^ the 
appendage of the is regular in its construction, and that it is 

bounded by parallel planes. Observations of the ansae, however, when 
they ate about to disappear, or when they first begin to re-appear after a 
period of invisibility, afford grounds for suspecting that the actual con¬ 
formation of the ring is irreconcilable with such an hypothesis. In 
16^1, When the ring was about to disappear, the ansae were observed by 
Cassini to contract considerably. This circumstance was ascribed hy him 
to the inferior brightness of the exterior ring which caused it to disappear, 
while the interior ring was yet visible *11. H© remarked also that, on the 
same occasion, one of the ansae was partially visible when no trace of the 
other could be discerned, but he fotind that the visible remnant ioas not al- 
tenys on tM same side of the planet A similar phenomenon Was wit¬ 
nessed by Maraldi. On the 9th of October, 1714, (six days previous to 
the passage of the plane of the ring through the earth,) that astronomer 
perceived that the ansae were reduced to half their ordinary dimensions. 
The eastern ansa appeared also to he somewhat broader than the western. 

* Phil. Trans., 1790. Part I., p. 5. + Ibid., 1805. Part IL, p. 273* 

i Mem. Acad, des Sciences, tome x., p. 583. § Phil. Trails.^ 1794, p. 53. 

11 MeiTi. Ast. Soc., vol. ii., p. 517. Mem. Acad, des Sciences, tome x., jj. 583. 

Mem, Acad, des Sciences, 1705, p. 18. 
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On the IStli of the same month, the planet was attended by the western 
ansa only. Maraldi remarked that these anomalous appearances might 
be accounted for by supposing that the ring is not wholly situated in one 
plane, or that its surface is very irregular, and that the western ansa, 
which from either of these causes appeared fa-inter than the eastern on the 
9th of October, was subsequently transported by the rotation of the ring, so 
as to ocoupy the eastern side of the planet on the 12th of the same mouth 
The observations of succeeding astronomers generally agree in indi¬ 
cating a Mmilar inequality in the construction of the ring. On the 29th 
of November, 1743, Heinsius perceived that the eastern ansa was shorter 
than the western f. On the 6th of October, 1773, the planet was observed 
at Cadiz with the western ansa only On the 11th of January, 1774, 
IVTessier perceived that the eastern ansa was longer than the western §, 
On the 4th of January, 1803, Harding witnessed the re-appearance of the 
western ansa, while the eastern was yet totally invisible ||. On the 16th 
of June, 1803, Schroeter, with great difficulty,observed the western ansa; 
but the eastern had some time previously disappeared IT. It would seem, 
from these observations, that the western ansa is in general more easily 
discernible than the eastern. This fact, although at variance with the 
alleged rotation of the ring, does not affect the question under considera¬ 
tion, namely, the irregularity of the surface of the ring, which is unequivo¬ 
cally indicated by all the observations. There is another circumstance which 
abundantly serves to prove that the bounding surfaces of the ring are not 
composed of parallel planes. If such were the case, it is manifest that the 
instants of the disappearance and re-appearance of the ring would be con¬ 
stantly regulated by the motion of the planet, and a determinate position 
of the^ plane of the ring. Bessel, however, found, by a strict analytical 
investigation, that the recorded observations of these phenomena were 
incompatible with the results derived from the supposition of such a 
plane It is impossible, therefore, to admit that the bounding sides 
of the ring are comppsed of parallel planes. 

Sir William Herschel was induced to suspect, from his observations, 
that the ring is encompassed by an atmosphere. In 1807 he perceived 
that the two poles of the planet did not exhibit the same shape. There 
appeared a protuberance about the regions of the south pole which he had 
not witnessed on any previous occasion, while, on the other hand, the north 
polar regions retained tlieir usual shape. By careful observation he satis¬ 
fied himself that this appearance did not arise from any irregularity in the 
surface of the planet. It was, therefore, evidently an optical phenomenon, 
due to some cause which did not similarly affect the regions about both poles. 
In reference to this point, he remarked that the ring was differently situ- 
situated with respect to the opposite sides of the equator of Saturn, 
being before the planet in the southern hemisphere, and behind it in 
the northern. The rays of light proceeding from the south polar re¬ 
gions to the earth passed pretty close to the ring, while those issuing 
from the regions in the vicinity of the north pole traversed an open 
space remote from any external influence. Hence, if the ring be sup¬ 
posed to be surrounded by an atmosphere, it would refract the rays 
proceeding from the regions about the south pole, and would thereby 


* Acad, des Sciences, 1715, p. 12. 

•f k»afeiE)4e, Astifonomie, Art, 3373. 

§ Ibid. 

^ Copnai^^ce d«8 Temps, 1838. 


Ibid. 

11 Connaissance des Temps, 1808, p. 429 
** Ibid. * 



PLISTOM OP PHTSICA-X. ASTUONOMT. 


oceasion an apparent distortion of the figure of the planet similar to the 
ohserved protuberance * * * § . Herschel \vas rnore especially inclined to adopt 
this explanation of the phenomenon, as he had previously been led to sus¬ 
pect the existence of an atmosphere about the ring, from the fact of the 
satellites projecting on each sMe of it during the period when it resembled 
a luminous line. The recent observations of astronomers go to support 
the same conclusion. It has been already mentioned that the ring is 
found to disappear when its plane passes either through the earth or the 
sun. To the greater number of observers it has also continued invisible, 
as might naturally be expected, during the -whole tipae that the unen- . 
lightened side is turned towards the earth. It is a remarkable fact, how¬ 
ever, that Sir William Herschel succeeded in perceiving the ring when its 
plane was interposed between the earth and the sun, and when conse¬ 
quently the bright side was turned away from him f. It was also re¬ 
peatedly seen under similar circumstances, by the E.ev. W. R. Dawes in 
this country, and by Mr. Bond in America, during the passage of its plane 
across the terrestrial orbit in 184.8-9 |. Now, since it would seem that 
the edge of the ring is invisible when it is turned directly to the observer, 
it ought, a fortiori, to be invisible in every other position. Hence it fol¬ 
lows, that the visibility of the ring, during the time that its plane was in¬ 
terposed between the earth and the sun, did not arise from the light re¬ 
flected by its edge. The inference is therefore unavoidable, that the ring 
was visible by means of the surface which was turned away from the sun, for 
the opposite surface upon which the rays of that luminary directly fell, was 
then turned away from the earth. The observations of Mr. Dawes are 
especmlly conclusive with respect to this point. When the plane of the 
ring was interposed between the earth and the sun (on which occasion the 
bright side of the ring was turned away from the earth), the ring was still 
faintly visible; but as the earth continued to approach the plane, the ring 
was seen with greater difidculty, and when it was actually situated in the plane, 
the ring was invisible, even when the planet was viewed with Mr. Tassel’s 
5i0-feet reflector §. Now, if the visibility of the ring in the above instance 
was due to the light reflected by its edge, a succession of appearances the 
very reverse of that indicated by observation ought to have taken place; 
for as the earth approached the plane of the ring, the edge of the ring was 
turned more directly towards the observer, and therefore it ought to have 
been seen with increased facility. That the visibility of the ring, when its 
plane was interposed between the earth and the sun, was occasioned by 

* Phil. Trans., 1808, p. 162. + Phil. Trans., 1790, Part L, p. 8. 

i When Saturn is proceeding from the ascending to the descending node of the nng, 
the north side of the ring is that which is enlightened by the sun; and on the contrary, 
when he is proceeding from the descending to the ascending node, it is the south side 
which is enlightened by that luminary. The planet having passed through the descend- 
ing node of the ring on September 3, 1848, it follows that the north side of the ring, from 
being hitherto the illuminated side, became, henceforward, the dark side. Now, on the 
22nd of April, 1848, the earth met the plane of the ring advancing in the opposite direc¬ 
tion, and passed from the north to the south side of the ring. On the 12tn of September, 
1848, it overtook the same plane, and passed from the south to the north side of the ring. 

On the 18th of January, 1849, haviuti: again reversed its motion, it met the plane of the 
ring a second time, and passed from the north to the south side of the ring. It is easy to 
infer from these particulars, that throughout the whole period embraced between April -^2, 
1848, and January 18, 1849, the unenlightened side of the ring was turned towards the 
earth, with the exception of the few days that elapsed between the 3rd and 12th of Sep. 
tember, 1849. 

§ Month. Proc. Ast. Soc., January, 1850, 
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liglife r©fiet3t©d froiSi its oTasciire Surface, and not from its Sdg@, Still 
fnrttoLer piroTed by tb© observations of Mt. Dawes during thS iliterval whSii 
the earth, was receding from the plane of tbe ring; for, in this case, the ring 
Tbeeahie more and more distinctly visible, according as the elevation of the 
eanth above the plane continued to increase. 

With respect to the physical explanation of the interesting appearance 
above alluded to, Sir William HerschOl suggested that it might arise from 
the light reflected by the planet upon the dark surface of the ring. Mt. 
Dawes, however, considers that the q^uantity of light derived from this 
source would not sufiS.ce to render the ring so distinctly visible as the 
observations indicated, especially in those parts that were less exposed 
to the illuminated hemisphere of the planet. He proposes, therefore, to 
account for the phenomenon, by supposing the ring to he surrounded by 
an atmosphere which occasions a twilight sufficiently strong to render the 
ring visible, even after the sun has descended below the surface turned 
towards the earth. He remarks, in support of this explanation, that 
during the whole period embraced by hid observations, the depression of 
the sun. below the ohsCure surface of the ring, did not exceed 1°. It iS 
mttnifestj therefore,. that a twilight of considerable brightness might arise, 
eveni without the necessity of assigning a high degree of density to the 
atmosphere of the ring. This explanation w’^as still further strengthened 
hy the colour of the obscure surface of the ring, which appeared to Mr. 
Dawes to have a ruddy tinge, somewhat resembling the appearance of the 
western sky after sunset^. The observations of Mr. Dawes, and the 
interesting conclusion which he so reasonably draws from them, go to 
support the assertion of Sir William Herschel relative to the protubferanco 
about the south pole of the planet, observed by him in the year 1807. 
The establishment of the elliptical figure of the‘planet by BeSsel, and still 
more recently by the Rev. Mr. Main, of the Royal Observatory of Green¬ 
wich ^ (^hnot of Course invalidate the existence Of that appareht ahomaly; 
sihco the obsebvatioiiS of both those astronomers Wore madO at U tiMh when 
tho atmosphere of the ting cOuld exercise no optical influence oti; the figtiib 
of the planet'f. 

* Granting that the visibility of the ring, when its pldne is interposed betweett the earth 
and the sun, is due to the twilight occasioned by a circumambient atmosphere, it is mani¬ 
fest that the effect so produced will be greatest when the sun is just depressed below the 
obscure surface of the ring, and the earth at the same time has attained its maximum ele¬ 
vation above that surface. From the position assigned to the ascending node of the ring 
by Bessel, it is easy to infer that this condition will be satisfied, if the passage of the 
planet through either node of the ring should take place on the 7th of June, or the 9th of 
Decemben A juncture of this kind occurred in the year 1832, the planet having passed 
through the ascending node of the ring about the beginning of December. On the other 
hand, the twilight will be viewed to least advantage if the planet should pass through the 
ascending node of the ring on the 7th of March, or throligh the descending node on the 
9th of September. It appears, therefore, that the recent passage of the planet which took 
place on the 3rd of September, 1848, was unfavourable for witnessing this interesting 
phenomenon^ In fact, at the very time when the sun was about to ascend to the level of 
^ obafeufC surface of the I'ing, the earth had almost overtaken the plane of the Hng, sO 
tfei Ae twilight when strongest was viewed when the edge only of the ring was turned 
feoWarda the observer. If the planet should pass through the ascending node of the ring 
^ 9th of September, or through the descending node' on the 7th of March, there will 
-one brief disappearance of the ring; but as the planet on either of such occasions 
^ the sun, it will be invisible, as well as its appendao-e, so that, 

m there will be nio disappearance at all, in the usual sense of the term. 

T « mtere^ng to know that the result at which Bessel arrived, relative to the ellin- 
tical figure of Saturn, has been completely verified by means of similar observations 
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The singulat appendage with, which Saturn is furnished has naturally 
giYen rise to speculations respecting its physical origin, and various hypo¬ 
theses, characterized hy more or less ingenuity, have been formed in con¬ 
nexion with this subject. Maupertius supposed the materials of the ring 
to he composed of the tail of a comet, which happening to revolve in the 
vicinity of the planet was arrested by its attractive force, and compelied to 
circulate as a satellite round it. According to De Mairain, Saturn was 
formerly a body of much greater dimensions than it now is, the ring being 
the residue of the equator of the ancient planet. Buffon supposed, that 
while the planet was yet in a liquid state the equatorial parts were driven 
to a considerable distance from its centre by the centrifugal force arising 
from its rotation, and that hating subsequently become solid by cooling, 
they encompassed the planet in the form Of a ring. Du SejOur adopted 
this view of the origin of the ring, hut he further maintained that a con¬ 
tinuance of the rotatory movement Was necessary to assdre its conser¬ 
vation. He remarked that while the ring was yet in a liquid state, its 
constituent particles being exposed to the incessant action of the planet 
had a constant tendency to precipitate themselves upon its surface. It 
was necessary, therefore, to suppose that the ring was endued with a 
rotatory movement, sufiiciently great to generate a centrifugal force 
capable of counterbalancing the gravity of the planet. He asserted 
further that, as the attraction of the planet on the more distant parts 
of the ring Was less, while the centrifugal force, cmteris ptirihus, was 
greater, it was indispensable towards maintaining the equilibrium of the 
two forces, that the parts of the ring, at different distances from the 
centre, should revolve with different velocities. He, therefore, supposed 
that the ring was formed of several concentric solid zones, endued With 
different rotatory movements round the planet, the velocity of rotation 
being less according as the zone was more remote from the centre of the 
planet. This very plausible hypothesis has been borne out to a certain 
extent by the researches of subsequent astronomers, as we have already 
had occasion to mention. 

On the 25th of March, 1655, when Huyghens was engaged in examin¬ 
ing Saturn with a telescope of 12 feet focal length *, which he had con¬ 
structed with his own hands, his attention was drawn to a small star which 
appeared to the west of the planet, at a distance from it of about 3*^. He 
temarked that the star was disposed in the same right line with the ring, 
Which then resembled a luminous line extending on opposite sides of the 
planet. He also perceived a small star to the east of the planet. Which 
was nearly at the same distance from it with the Other, but declined 
sensibly from the plane of the ring. His impression was that the latter 
was merely a fixed star; but from its peculiar position with respect to the 
ring, he suspected that the star on the west side of the planet, Was a 
satellite. On the following eveningj having again directed his telescope 
to the planet, he found that the staf on the east side was removed to 
twice its previous distance, while the one on the west side still retained 
the same position, relative to the planet which it occupied, when he first 
saw it. it was now obvious that the former was a fixed star which the 
planet had left farther behind in the course of its retrograde motion, while 
the latter was a satellite which accompanied its primary murid the sun. 

which Mr. Main made on the occasion of the last disappearance of the ring. See 3tonth. 
JProc. Ast. Soc., vol. ix. 

* Cbstaotheoros, p. 99. 
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He found by a rougb. estimation, that the satellite completed its synodic 
reyoliition. in 16 days, and that its greatest apparent distance from the 
planet was rktber less than 3'. A few years afterwards he fixed the period 
of revolution more accurately at 93*^ 13™^. A curious remark was 
made by Huyghens in connexion with this discovery, which strikingly il¬ 
lustrates the tenacity with which the ancient notions respecting the per¬ 
fectibility of the heavens, and the harmony of numbers, continued to cling 
to minds even of the very first order. He asserted that as the planets 
and satellites were now equal in number, and as the aggregate of both’ 
amounted to twelve, which was universally admitted to be a perfect 
number, it was reasonable to suppose that the planetary system was com¬ 
plete, and upon this ground he ventured to predict that no more satellites 
would in future be discovered f. Twelve years only elapsed when the dis¬ 
covery of two additional satellites of Saturn served to expose the fallacy of 
a prediction so unworthy of the genius of its author. Since the epoch of 
that discovery, the satellites have constantly kept in advance of the 
planets, in respect of number, until the present day, when the ultra-zodiacal 
planets have at length come to the rescue of the more ancient members of 
the system, and a relation of equality again subsists between the planets 
and satellites, with this material difference, however, that the number of 
each, instead of being only six, now amounts to eighteen. 

The passage of Saturn through the node of his ring in 16V1 was an 
event of peculiar interest to astronomers, inasmuch as it formed the cri¬ 
terion which was to establish the truth or fallacy of Huyghens’ theory of 
the appendage being composed of a ring ; and the appearance of the planet 
on that occasion was, in consequence, an object of more than ordinary at¬ 
tention. On the 25th of October, 1671, while Cassini was engaged in 
observing Saturn with a telescope of 17 feet focal length, he perceived a 
small star to the west of it, in a position which very nearly coincided with 
the plane of the ring. Having repeated his observations on the following 
evenings, he soon discovered a sensible change in the position of fjae star 
with respect to the other stars around it. He continued to observe it ora. 
twelve successive nights, at the close of which he established various pro¬ 
perties of its motion which convinced him that it was a satellite. He 
found that its greatest elongation from the planet exceeded three times 
that of the satellite discovered by Huyghens. He estimated the time of 
its synodic revolution to be equal in round numbers to 80 days j:. Having on 
a subsequent occasion instituted a comparison between observations which 
embraced 150 revolutions of the satellite, he determined the period to be 
79*^ 22^ 4”^§. The satellite thus discovered by Cassini arrived at its 
greatest elongation about the end of October, 1671. He continued to 
observe it till the month of December, when his labours were interrupted 
by unfavourable weather, and when he afterwards resumed them the 
satellite could not be found. Having procured a new telescope of 34 feet 
focal length, he succeeded in rediscovering the satellite on the 13th of 
December, 1672; but a few days afterwards it again disappeared, and it 
continued invisible for some time, notwithstanding that he made the most 
persevering efforts to obtain a sight of it. We shall presently give a more 
demiled account of the curious property of the satellite which causes it to 
be pe'diOdically invisible to the greater number of observers. 

* Variai torn, ii., p. 551. 

Systenoa, Satunaium, Ded.; Opera Varia, tom. ii., p, 530. 

1: M€m, Ac^, ^fes Sciepces, tome x., p. 584, et seq. § Ibid-, 1705, p. g!4, 
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On tile SSrd of December, 1679, Cassini, wliile engaged in searcliing 
for liis lost satellite, discovered a small star near the place where he ex¬ 
pected to find it, hut still in a position which, did not accord sufficiently 
•well with the theory of the satellite’s motion. This turned out to be a 
third satellite, revolving nearer the planet than either of the two others. 
It completed its revolution in about four days and a half. Subsequently 
he determined the period with greater precision to be 4*^ 19^ 97"^, He 
also found that its greatest distance from the planet did not amount to 
more than a diameter and two-thirds of the ring 

In the month of March, 1684, Cassini discovered two more satellites cir¬ 
culating round Saturn. They were both nearer the planet than any of »the 
others previously discovered. The interior of the two satellites, at its 
greatest elongation, receded from the planet to a distance measuring only 
two-thirds of the diameter of the ring, and revolved completely round it 
in 91’^ 19“. The exterior satellite attained an elongation equal to 
three-fourths of the diameter of the ring, and completed its revolution in 
9*^ 17*^ 43“^ f. It is obvious that these discoveries could not have been 
made without telescopes of very considerable optical power. Before, how¬ 
ever, any means were devised of obviating the effects of chromatic aberra- 
tica, it was found to be impossible to construct refracting telescopes of a 
high power without assigning such an enormous focal length to the object 
glass as to render the instrument totally unmanageable. Cassini eluded 
this difficulty by setting aside the tube of the telescope altogether, and 
placing the object glass in a suitable position for viewing the object through 
it, A similar r^bde of observing was also practised about the same time by 
]0[ay^hehs b Cassini discovered the two interior satellites of Saturn With 
object glasses of 136 and 100 feet focal length ; but he afterwards succeeded 
in observing them with glasses of 90 and 70 feet focal length. These glasses 
were constructed by Oampani, at Rome. Cassini first placed them in an 
aperture, which he had caused to be left for that purpose in one of the 
towers of the Royal Observatory of Paris at the time of its erection. 
As this mode of observing could not be conveniently practised at all alti¬ 
tudes, he afterwards adopted the expedient of placing the object glasses 
sometimes on the top of a pole, and at other times on a wooden tower 
of great height §. 

In order to distinguish the different satellites from each other, Cassini 
proposed to denominate them according to their distances from the planet, 
the innermost being the first satellite, the one next to it the second, and so 
on to the outermost satellite, which was the fifth. According to this nomen¬ 
clature, the satellite discovered by Huyghens, although the first in the 
order of discovery, was denominated the fourth satellite. 

The reader will not fail to remark that the five satellites of Saturn were 
discovered at the times of the disappearance of the ring, or at least on the 
occasions during -which it assumed the form of a luminous line. This ch- 
cnmstance is doubtless to be ascribed partly to the superior attention with 
which the planet was observed at those junctures, and partly to the greater 

* M^m. Acad, des Sciences, tome x., p. 586. + Ibid., p. 694, et seq. 

J The ci-edit of first practising this mode of observation has been generally ascribed 
to Huyghens, but Cassini distinctly asserts that his observations of Saturn’s satellites were 
the first that had been made without employing the tube of the telescope. He states that 
he had already discovered the two interior satellites in that manner when Huyghens pub¬ 
lished his Atroscopium,’ in which he explains a method analogous to his, though much 
more troublesome in detail— Acad, des Sciences, 1705, p. 23.) 

§ Mem. Acad, des Sciences, tome x., p. 702; 1705, p. 23. 
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st;iq1i discoveries, in conse<iiie^ice of "tiio pJs-iiot 
tiion ©f ifs appendage, Sij:: passages of the pian§t tliro^gb, 

pod# ©I ring iad occurred ^ipitliout leading to auy sirpilar results, 
'plr##- idi© aeveptli was at lengtb. illustrated hj^' Sir ^Williaui !EIe^®©irel s 
discovery of two additional satellites. On tlie SSth of August, l'3'd9» 
leaving directed to the planet his 40-feet rejector, wlaioh he had just com- 
pitted, that astronoiner perceived six. small stars, which, frona their bright 
appearance, and their arrangement iipi the plane of the ring, he at once 
suspected to be all satellites*. The planet was then retrograding with 
great rapidity, and the opportunity was therefore fayourahle for deciding 
this point. A very short time served to convince him that his suspicion 
was well founded. After the lapse of about two hours and a half he dis¬ 
covered, to his great delight, that the planet had carried away all the six 
stars from their original positions. They proved to be the five old satellites 
of the planet, and a sixth, which for the . first time, had revealed itself to 
mortal eyes. This satellite was nearer the planet than the innermost or 
hrst satellite of Cassini. By a comparison of his observations, Herschel 
found that it completed a sideread revolution round the planet in 
ISw @a. The addition of this satellite to the Saturnian system was 
succeeded hy that of another, which Herschel was enabled, by means of 
%he same powerful telescope, to detect on the 17th of the following month. 
;^e found this satellite to revolve still nearer the planet than any of the 
ethers. He determined the time of its revolution to he 40^ 46®. 
According to the principle of nomenclature adopted hy Gassmi, the last- 
mentioned satellite of Herschel should he denominated the first satellite 
of the planet, the other satellite discovered by that astranonier should he 
denominated the second, and so on, proceeding outwards from the planet. 
As a rigorous adherence to tins principle would have the effect of altering 
the designations of the five old satellites, Herschel proposed to call the 
two satellites discovered hy him the sixth and seventh satellites, counting 
inwa®ds with respect to the planet. Hence the seventh satellite is the 
neared tO' the- planet, while -the fifth is the most remote from-itd, 
two satellite discovered hy Herschel are visible only in telescopes of ex¬ 
traordinary power. The seventh satellite was estimated hy that astro¬ 
nomer to be beyond all comparison smaller than the sixth. Even in the 40- 
feet reflector it appeared only like a very small lucid point On account 
of its vicinity to the planet, it is hidden by the ring throughout the greater 
part of each revolution. Schroeter, "who never could obtain a sight of it, 
was induced to doubt its existence. It has, however, been repeatedly seen 
in several of the powerful telescopes of the present day. 

It will be readily seen, by a comparison either of the distances or the 
periodic times of the satellites of Saturn, that a disproportionately-wide 
interval exists betweeii the orbits of the fourth and fifth satellites. The 
vacuity hence arising has been to a certain extent filled up hy th© discovery 

♦ - Phil. Trans., 1790, Part I., p. 10. 

t As an improvement in the nomenclature of the Saturnian system was very desirable. 
Sir John. Herschel has recently proposed to denominate the satellites after the Titanian 
divinities. The names of the seven satellites, commencing with the one most remote 
firem: the planet, and proceeding regularly inwards, are contained in the following Une: 

■ * Japetus, Titan, Rhea, Dione, Tethys, Enceladus, Mimas. 

Thi^ mede ef distinguishing the satellites seems in a fair way of being generally adopted* 
The dha^idWery .©f an ^ghfiii satellite has shown the absolute necessity of some such nomen¬ 
clature. 

^ Herschel, however, succeeded ha seeing it with his 20-feet reflector. 
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Q,f ail eiglitlj satellite of tlie plawot* on flio occaaioa of the recent passage of 
the plane of the ring aoro§s the earth’s orbit. This intei’esting resvtlt is dvte 
to the indepepdeat labours of two astronomers, who although residing 
in different heuiispheres, recognized th© satellite on the verj same day, 
yIz,;, the 19th of September, 1848. On th© 16th of the month just mem 
tioned, Bond, of Gamhridg©, U, 8-» "while engaged in ohserying Saturn, 
perceiyed a small star of the seventeenth magnitude, situated nearly in the 
plane of the ring. On the IQth h© discovered that the star was retro¬ 
grading with the planet, whence its real nature at once suggested itself to 
him. Mr- tassel, of Starheld, Liverpool, arrived at the discovery of the body 
in the same. manner. He first observed it as a star on the 18th of Sep- 
temher, and on the following evening he detected such indications of its 
motion as enabled him to estahhsfi? beyond all douht, that it was a satellite. 
Thus, although Mr. Bond first saw th© satellite as a star, he discovered its 
real nature only o;i the same night with Mr, Bassel, But, indeed, 
although either "of these astronomers had discovered the satellite several 
days previous to the other, it would be absurd in such a case to draw any 
distinction between their respective merits. Of course the discovery of 
Mr. Tassel was generally announced throughout Europe, before the sur'^ 
prising intelligence of Mr. Bond’s simultaneous discovery of the satellite 
was wafted across th© Atlantic It is a curious fact that Huyghens, as if 
to atone for his unfortunate prediction relative to the secondary planets on 
a formei’ occasion, suggested the probability of a satellite revolving in the 
interval included between the orbits of the fourth and fifth satellites of 
SaturnI 't In conformity with the nomenclature proposed hy 8ir John 
Herschel, the new satellite has received the name of Hyperion- Its period 
has been estimated to be 13’S but this can only be considered a provi¬ 
sional evaluation. 

The only fact which has been established relative to tfie physical consti* 
tution of the satellites of Saturn is, the remarkable variation of the light of 
the fifth satellite. It has been already mentioned that this satellite disap¬ 
peared soon after its discovery in 1671, and that after Gassini recovered 
a sight of it in the following year, it again speedily eluded his observations. 
Having watched it throughout a great number of revohitions, that astro¬ 
nomer found that it was invariably invisible in the eastern part of its 
orbit. It regularly disappeared two or three days after passing its superior 
conjunction, and did not re-appear until two or three days before its arrival 
in inferior conjnnotion. As the period of the satellite is nearly ethal to 
80 days, it continued consequently invisible for about a month during each 
revolution, Two interesting conclusions were deduoible from this fact. 
In the first place, it v^as obvious that there existed esctensive tracts on the 
surface of the satellite that were incapable of reflecting a sufficient 
quantity of the solar light to render them visible. In the second place, 
since these dark tracts Avere constantly turned towards the sun when the 
satellite was in the same |)arts of its orbit, it follo>wed that the satellite 
presented the same hemiepher© towards the planet, during each synodic 

* Mr. Lassel discovered tbe satellite with a Newtonian reflector of 20-feet focal length, 
and 24-inches aperture. Prof. Bond effected its discovery with a magnificent refracting 
telescope, the object glass of which has a diameter of 15 inches. 

'i' Cum enina inter extremas duas, spatium amplius pateat qu&m pro distantiis caete- 
rai-um; posset hoc insidere sextus satelles.— Cosmotheoros, p. 99, Opera VariUf tom. ii., 
p- 698. 
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revolution, and consequently its motion upon its axis was equal to its 
motion round its primary, as in tlie case of the earth’s satellite. 

The curious discovery of Cassini, above referred to, has been verified by 
the observations of subsequent astronomers. Sir William Herschel, with a 
view to establish beyond all doubt the variation of the light of the satellite, 
observed it with the most scrupulous attention throughout a great number of 
revolutions. By means of his powerful telescopes, he was enabled to per¬ 
ceive it throughout the entire course of its revolution round the planet, but 
he found that it constantly experienced a great diminution of lustre when it 
■was passing through the eastern half of its orbit. Pie also discovered, 
by a nice comparison of its light with that of each of the other satellites, 
that it varied much in brightness throughout each revolution, but that it 
always exhibited the same degree of brightness when it appeared in the 
same part of its orbit. This interesting fact accords admirably with the 
conclusion previously suggested by the observations of Cassini, namely, 
that the satellite rotates completely on an axis in the same time which it 
takes to accomplish its revolution round the planet. Herschel concluded 
ifrom his observations, that the light of the satellite is in full splendour 
when it is traversing the part of its orbit which is between 68® and 129° 
past the inferior conjunction. He estimated that, in passing through this 
arc, it does not fall above one magnitude short of the brightness of the 
fourth satellite- On the other hand, from about seven degrees past the 
opposition till towards the inferior conjunction, it is not only less bright 
than the third satellite, hut it hardly rivals the second or even the fii'st. 
Upon the whole, the alteration of brightness appeared to him to be 
equivalent to a change from the fifth to the second magnitude 

On the evening of the 13th of March, 1781, when Sir William 
Herschel was engaged in examining the small stars in the neighbourhood 
of H Geminorum, his attention was attracted towards a star which 
appeared sensibly larger than any of those around it. Being struck with 
its unusual size, he instituted a comparison between it and two other 
small stars, and fi.ading it to be much larger than either, be began to 
entertain a suspicion that it was a comet. In order to obtain a stronger 
assurance on this point, he had recourse to a delicate criterion, by means 
of which astronomers are usually enabled to distinguish a fixed star 
from a planet or comet. The apparent diameters of both the fixed stars 
and planets are generally found to increase when a higher magnifying 
power is applied to the telescope with which they are observed ; but there 
is this essential distinction between the two classes of objects,—that while 
the apparent diameters of the planets are enlarged in the exact propor¬ 
tion of the magnifying power, those of the fixed stars do not increase at 
so rapid a rate. At the same time, however, the light of the planet 
becomes fainter, and its outline appears ill defined; while, on the other 
hand, the fixed stars, under similar circumstances, retain their usual lustre 
and distinctness. When Herschel first saw the star, lie had been using 
a magnifying power of 227. He now applied to his telescope (which was 
a seven feet reflector) magnifying powers of 460 and 932, and he found, 
agreeably to his conjecture, that the star acquired successively a duller 
tnbre confused appearance, and was in each case enlarged in. the 
proportion of the magnifying power, while the stars with which he 
retained their usual aspect, and exhibited a less rapid varia- 

* Trans., 1792, p. 14. 
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tion of magnitude. Having now felt a strong persuasion that tlie object 
was a cometi he determined, by careful estimation, its position with 
respect to a telescopic star near to it, intending to make observations of 
it on the following evenings, for tlie purpose of ascertaining whether it 
had a proper motion. A very brief lapse of time served to dispel all 
doubts upon this point, the star having been found by him to be revolving 
with a slow motion, according to the order of the signs, in an orbit which 
deviated very little from the plane of the ecliptic. He continued to 
observe the star until the 19th of Apiul, determining its position on each 
occasion by measuring, with a micrometer, its distance from a telescopic 
star near to it, and also its angle of position with respect to the same 
star, or in other words, the angle contained between an imaginary line 
joining the two stars and the parallel of declination passing through the 
telescopic star- He also executed several micrometrical measures of its 
apparent diameter. Having drawn up an account of his observations, he 
communicated it to the Royrd Society in a paper, which was read before 
that body on the 26th of April, 1781. In this paper he does not appear 
to entertain a suspicion that the object of his discovery was any other 
than a comet *. 

Previous to transmitting the above-mentioned communication to the 
Royal Society, Herschel had taken an opportunity of aunouncing his 
discovery to Dr. Maskelyne, the Astronomer Royal, who in his turn gave 
due notice of it to the astronomers of Prance. Messier commenced his 
observations of the supposed comet on the 16th of April, 1781, and his 
example was speedily follovsred by Lalande, Hemonnier, Mecliain, and 
D’Agelet, as well as by Reggio, De Cesaris, Bode, Wargentin, and 
various other astronomers on the Continent. As soon as a few observa¬ 
tions of it were obtained at Paris, an attempt was made by means of 
them to determine the elements of the parabolic orbit in which it was 
presumed to revolve. A serious dilEculty, however, soon presented itself 
to those engaged in this enquiry. It was found tliat although a parabola 
might be assigned, which would roj^resent with toleralde fidelity a limited 
number of observations of the comet, yet in a few days afterwards, the 
positions of the body, when calculated upon the same hypothesis, ajtpeared 
to be totally irreconcilable with the actual motion. Various attempts 
to discover an orbit which would pernianeiitUf represent the motion of the 
body were made by Mechain, the President do Saron, Daplace, Boscovich, 
and others, but in all instances they proved to be equally unavailing for 
this purpose. Nor is tbeir failure at all to be surprised at, for, since the 
body was universally supposed to be a comet, it was concluded, by reason¬ 
ing from analogy, that the perihelion, at the utmost, would not extend 
beyond the orbit of Jupiter, and that in all probability it was situated far 
within the terrestrial orbit-I-. The attention of each calculator was 
therefore constantly directed towards constraining the body to move in an 
orbit the perihelion distance of which, even upon the most extravagant 
supposition, was imagined not to amount to four times the radius of the 


* Phil. Trans., 1781, p- 492, et seq. 

-j- In Delambre’s catalogue of 116 comets, comprehending all the bodies of this nature 
whose elements have been determined down to the year 1813, there is only one comet, 
viz., that of 1729, whose perihelion distance (4.0698) exceeds four times the terrestrial 
orbit. There are only six comets in the catalogue which, at their perihelia, passed 
beyond the orbit of Mars, and the whole number which passed beyond the earth’s orbit 
does not amount to more than twenty-three.— yist. Theor, et JPrat., tome 3, p. 416. 

T 
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terrestrial orl)it. It was never suspected all the while, that the nearest 
distance of the body from the sun exceeded the same standard of measure¬ 
ment at least eighteen times. 

The President de Saron appears to have been the person who threw 
the first glimmering of light on this perplexing subject. On the 8tii ot 
May, 1781, he announced that the comet was in reality much more 
remote from the sun than astronomers had hitherto supposed it to be. 
He estiinated its perihelion distance to be eq^ual to at least twelve times 
the radius of the terrestrial orbit This was an important suggestion, 
for it had the effect of directing the attention of enquirers to the region 
of the heavens in which the body was actually revolving. 33y adopting 
it, th© observations were represented with greater precision than they had 
been on any previous hypothesis, and hopes began to be entertained of 
arriving at a determination of the real orbit of the body. 

The next step in the enquiry was made by Lexell, who happened to be 
in England at the time of Herschel’s discovery. In an account of his 
researches which he communicated to the Academy of St. Petersburg, 
he mentions that I>r. Mashelyne, and the other English astronomers who 
observed the body, agreed with him in supposing that in all probability it 
wds a planet f. Various circumstances, he remarks, concurred in suggest¬ 
ing this view of its natme. In the first place, observation shewed it to 
he a well-defined object, whereas comets generally have a nebulous 
appearance. Again, although very small, it was not difficult to discern a 
. ^fference in its light from that of the fixed stars. Lastly, its slow 
motion in latitude (indicating that its inclination to the ecliptic Was very 
inconsiderable), and its motion in the zodiac according to the order 
of the signs, were two independent facts which both strongly supported 
the hypothesis of its being a planet. Taking two extreme observations 
of the body, one by BLerschel, dated March 17, 1781, and the other by 
Mask 6 l 3 rne, dated May 11 of the. same year, Lexell found that they 
might be both satisfied by a circular orbit, whose radius was equal to 
18.98, the mean distance of the earth from the sun being supposed equal 
to unity. In the month of June or July, while still residing in England, 
jhe wrote a letter to one of his friends in Paris, in which he stated, that tlio 
motion of the body which formed the subject of so much anxious investi¬ 
gation might be represented by a circular orbit, whose radius was equal 
to eighteen times the mean distance of the sun from the earth. “ Erom 
that time,” says Lalande, “ it appeared to me that the body ought to be 
called the new planet.” X Lexell soon afterwards found that on account 
of the slow motion of the body, and the consequent smallness of the arc 
described by it within a limited interval of time, the observations in¬ 
cluded between March 17 and May 28 might be satisfied by an infinite 
number of parabolas, whose perihelion distances varied from 6 to 22 times 
the radius of the terrestrial orbit. From this circumstance it appeared 
evident to astronomers, that until the planet had described a larger arc, 
it Would be impossible to arrive at an accurate knowledge of the elements 
of its orbit. 

After the lapse of a few months, when the motion of the planet began 
to,he developed more clearly, its distance from the sun, upon the suppo- 

* Mini. Acad, des Sciences, 1779^ p. 529. 

t ISfov. Act. Acad. Petrop., tom. i., p. 69, et seq. 

$ “ D&s lors il me paxut qu’ou devait lui donner le nom de nouvellc phn^te. —Mem. 
Acad, des Sciences, 1779, p. 530, 
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sition of a cireular ofMt# tvas determijaed tvitli considerable precision; but 
from the discordances tvhich still existed between the computed and the 
observed positions, it was plainly apparent that the real orbit was an 
ellipse of small eccentricity. Elliptic elements of^ the planet were first 
calculated by Eaplace, and were communicated by him to the Academy of 
Sciences, in the month of January, 1783* 

When it was ascertained beyond all doubt that the body discovered by 
UerSohel was a planet, it became desirable to distinguish it by some 
special name. As the privilege of choosing a name in all such cases is 
the incontestable right of the discoverer, Herschel, urged by a feeling of 
gratitude towards his royal patron, George III., proposed to confer on the 
planet the appellation of the G-eorgium Sidus. Ealande, influenced by an 
equally honourable motive, suggested the name of Herschel. Both these 
names sounded incongruously with the prevailing nomenclature of the 
planetary system, and neither of them consequently met with much 
favour on the part of astronomers. The names of various heathen divinities 
were proposed as more appropriate for this purpose. After some time 
had been spent in discussing the rival claims of different deities, the 
name of Uranus, suggested by Bode, was finally adopted by astronomers, 
and has always since been employed to distinguish the planet. 

A point of great interest to be determined was, the magnitude of the 
body, by the discovery of which the planetary system had just been en¬ 
riched. Bor this purpose two data were indispensable, namely, the 
distance of the planet from the earth at any assigned instant, and the 
angle suhtended by its diameter when viewed at that distance. The 
former of these could be determined with facility, and with a considerable 
degree of ptecision; the case was very different with respect to the latter. 
Herscliel’s fii-st measures of the apparent diameter of the planet, exhibited 
a remarkable discordance with each other. On the 17th of March he fixed 
it at S'-'.SS''', on the 2nd of Aj)ril lie made it and on the 18th of 

the same month he determined it to be b".2"' '■=. A similar discordance 
existed between the measures of other astronomers. Maskelyne was in¬ 
duced to fix the magnitude of the apparent diameter at li". The as¬ 
tronomers of Milan fixed it between 6'''' and 1", Mayer of Manheim esti¬ 
mated it to be as high as 10". X-exell, deBjiairing of the possibility of 
determining the apparent diameter of th^ planet by micrometrical 
measurement, attempted to ascertain its value by comparing the planet 
with another body whose apparent diameter was known. Bor this purpose 
he compared it with Mars, at a time when that planet was near the 
position of apogee, and wheia his apparent diameter in consequence did 
not exceed 5". Finding that Uranus apxieared to be less than the planet 
with which he compared it, he hence concluded that its ap^Darent diameter 
fell certainly below 5", and in all probability did not exceed 3" f. The 
mean of these two extremes gives 4" for the apparent diameter of the 
planet, a result which forms a closer approximation to the true value than 
any other that had been hitherto assigned by astronomers. In order to 
remove all doubts upon this subject, Herschel in 1782 undertook a series 
of measures of the planet with two micrometers, one of which, called the 
lamjj micrometer, was an instrument of his own invention. He thus ob¬ 
tained a number of results, from which it api)earcd that tlie mean value 
of the angle subtended by the diameter of the x^luuet was somewhere 
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about 4'^*. On a subsequent occasion he instituted a strict comparison 
between these results, and hence concluded that the apparent diameter of 
the planet, when viewed at its mean distance from the earth, was equal to 
3".91. . By combining this result with the distance of the planet as 
recently ascertained (viz., 19.08, the mean distance of the earth being 
supposed equal to unity), he was enabled to determine its linear dimen¬ 
sions and volume. In this manner he found that the diameter of the 
planet measured 34217 miles. It therefore exceeded the diameter of the 
earth in the proportion of 4.3 to 1. It was easy also to infer that in vo¬ 
lume it exceeded the same body in the proportion of 80 to 1 From these 
results it appeared that the newly-discovered body was, after Jupiter and 
Saturn, by far the most considerable of those bodies hitherto recognised as 
revolving round the sun. . 

The enrichment of the planetary system consequent on the accession of 
Uranus to it, marks the commencement of the long series of brilliant dis¬ 
coveries and sublime speculations which adorned the astronomical career of 
Sir William Bterschel X. It has been frequently asserted that this noble 
achievement was the effect of chance, and the inference has been hastily 
drawn, that the merit associated with it is of a very inferior order compared 
with that due to the same astronomer on account of the many other oiforts 
of his genius. It is true that the discovery was accidental, inasmuch as it 
did not result from an examination of the heavens, instituted in pursuance 
of any theoretical views respecting the existence of the body; but if it is 
thereby meant that the planet might with equal probability have presented 
itself as such to any observer, there cannot we conceive be a more vulgar 
error. A few remarks upon the subject will amply illustrate the justness 
of this conclusion. In the first place, it may be asserted that the dis¬ 
covery was no other than the legitimate reward which might be expected 
eventually to crown the exertions of an astronomer, who continued from 
night to night with unwearied enthusiasm to explore the heavens, with 
optical appliances which owed , their exquisite character solely to the re¬ 
sources of his own genius. Upon this ground alone, therefore, the author 
of the discovery, even if he had not borne the immortal name of TIerschel, 
would have been entitled to a high place among those who have success¬ 
fully explored the celestial regions. Nor would a less generous award be 
in unison with the natural»promptings of the human heart. The motto 
of one of England’s most illustrious sons, “ pahnam qui meruit ferat^" ex¬ 
presses, in appropriate language, the spontaneous response of the mass of 
mankind in all ages, to every result achieved, whether in arts or arms, by 
a well-directed course of skilful energy and unflinching perseverance. 
But the planet, in fact, was involved in an extensive field of observation, 
which the astronomer had conceived the design of submitting to a syste¬ 
matic scrutiny; and it only required the application of his mental powers 
to the realisation of this design to conduct him inevitably to the wander¬ 
ing body The occasion was, therefore, favourable for detecting the 
planet, but this would have been a useless advantage without the vian. 
Similar junctures must frequently offer themselves to every person who 
devotes his attention to physical phenomena, but how few are sagacious 
enough to discern their presence, and extract from them their legitimate 

Phil, Trans., 1783, p. 13. f Ibid., 1788, p. 378. 

$ Born at Hanover 1738; died at Slough, in England, 1822. 

§ Herschel was engaged in a series of observations with a view to the investigation of 
the annual parallax of the stare, when his attention was first drawn to the planet. 
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consequences! The circumstances attending the discovery in the present 
instance, abundantly serve to prove that its author was no ordinary 
observer. The singling out of the planet from among the multitude 
of similar objects by which it was surrounded, was an pperation of the 
utmost delicacy, which demanded extraordinary powers of discernment. 
Talande has expressed his astonishment that Herschel should have been 
led to direct his attention especially to the planet, considering that with 
an instrument of his own, which magnified 120 times, the appearance of 
the body did not differ from that of a star of the seventh magnitude 
The language of Messier is equally decisive upon this point. “Nothing,” 
says that astronomer, writing to Herschel, “was more difficult than to 
recognise the body; and I cannot conceive how you have been induced to 
return repeatedly to that star or comet, for it has been absolutely neces¬ 
sary for me to observe it several days in succession, in order to obtain an 
assurance that it had a proper motion.” f 

The different sets of elements which Laplace and his contemporaries 
had calculated for Uranus, soon after its discovery, could only be consi¬ 
dered as provisional, the motion of the planet not having been yet suffi¬ 
ciently developed to justify the hope of determining with precision the 
form and position of the orbit in which it revolved. Iia 1790, the 
Academy of Sciences, with the view of eliciting a definitive determination 
of the oi'bit of the planet, proposed its theory as the subject of a prize. 
It has been already mentioned in one of the foregoing chapters, that the 
prize was awarded to Lelambre. An account has also been given, in the 
same chapter, of the subsequent researches of astronomers on the theory of 
the planet, and of the memorable consequence which ensued from the 
study of the irregularities of its motion. 

The immense distance of Uranus precludes all hopes of discovering any 
phenomena indicative of its physical constitution, analogous to those in¬ 
teresting appearances, which an examination of tlie other principal planets 
with the telescope has revealed to astronomers. Sir William Herscliel was 
induced to suspect that the figure of the planet is sensibly splieroidal. 
Observations with his 7-feet, lO-feet, and 20-feet reflectors, all concurred 
in suggesting the same conclusion relative to this point. The longer axis 
of the planet also appeared to him, agreeably to the analogy of Jupiter 
and Saturn, to he situated in the plane of orbits of the satellites. 
Assuming the ellipticity of the planet to he ah established fact, he hence 
concluded that the planet revolves with considerable velocity upon an 
axis t. M. Arago has naturally expressed his surprise that an observer so 
scrupulous as Herschel should have contented himself with a simple esti¬ 
mation of the figure of the planet, when he might have obtained a defini¬ 
tive assurance u^Don this point, by direct measurement of the equatorial 
and polar axes with a micrometer §. There are two distinct circum¬ 
stances, however, which concur in rendering the determination of the ellip¬ 
ticity of Uranus an operation of extreme difficulty. In the first place, 
the smallness of the apparent magnitude of the planet has a tendency to 
cause a small error in the measurement of either of the axes to exercise a 

■* Mem. Acad, des Scieuces, 1779, p. 528- 

f “ Rien n’etait plus difficile que de la reconnaitre; et je ne puis pas concevoii- com¬ 
ment vous avez pO. revenir plusieurs fois sur cette ctoilo ou comote, car ubsolunu'vit il a 
I'allu I’observer plusieurs iours de suite pour s’aY)perccvoir qu’elle avait un mouvement.” 
—Phil. Trans., 1781, p. 500. 

^ Phil. Trans., 1798, p. 71, % Annuairc, 1842, p. 579. 
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vGry matei'ial influence on tli© ellipticity. Xn tlie case of Jupiter, tlie 
difference between the equatorial and polar axes, at the mean distance of 
the planet from the earth, is equal to 3'^^.789 ; and as the ellipticity is 
measured hy the ratio of this quantity to the equatorial axis, it is obvious 
that an error of a tenth of 1'^'^, committed in its determination, will entail 
on the ellipticity an error less than u^^-th of its real value* JSTow, 
assume the ellipticity of XJranus to be equal to that of Jupiter, the differ-i 
ence between the equatorial and polar axes (supposing the former to be 
equal to 4=^') will amount only to 0^'^-3916- It follows, therefore, that an 
error equal to a tenth of 1" committed in the measurement of either 
of the axes would occasion an error in the ellipticity greater than one- 
third of its true value. IM. hladler, indeed, has obtained for the planet an 
ellipticity equal to indicating a difference between the equatorial and 

polar axes amounting to 0'^^.435. But even upon such a supposition, an 
error of measurement equal to that assumed in the two previous cases 
would produce an alteration to the extent of one-fourth in the value of the 
ellipticity. There is another circumstance, however, which operates un¬ 
favourably in attempting to determine the ellipticity of Uranus. The re¬ 
mark of Herschel, that the longer axis of the planet extends in the plane 
of the orbits of'the satellites, leads to the curious conclusion that the 
equator of the planet is nearly perpendicular to the plane of the ecliptic, 
since the satellites have been found to revolve in orbits which are nearly 
perpendicular to that plane. The consequence of this anomalous condition 
will be, that the planet will exhibit the full quantity of its ellipticity only 
in two opposite points of its orbit', namely, those wherein the plane of its 
equator passes through the earth, for the planet in such positions alone is 
projected upon a plane passing almost through its poles. On the other 
hand, there are two opposite points, 90° distant from these, in which the 
planet will assume nearly a circular appearap.ce, since the plane of projec¬ 
tion almost coincides with the plane of the equator. In any intermpdiato 
position the apparent ellipticity will he less than the true, and it will 
continually diminish as the planet recedes to a greater distance from 
either node of its equator. It is obvious from this circumstance, that 
even if the ellipticity of the planet should be very considerable, it is 
not liable to be detected except when the planet is passing through 
either of the nodes of its.;, equator, an event which can only occur at 
successive intervals of half a revolution of the planet, or about forty-two 
years. 

It follows from the foregoing remarks that, even if the ellipticity of 
Uranus should be considerable, the difference between the lengths of the 
apparent equatorial and polar axes, which is at all times very small, on ac¬ 
count of the minute dimensions of the disk, is in general rendered still 
smaller by the peculiar position of the equator of the planet. Perhaps 
this circumstance may explain the reluctance of Herschel to determine the 
ellipticity of the planet by actual measurement, the small diflerence be¬ 
tween the apparent lengths of the equatorial and polar axes not offering 
any chance of his obtaining a trustworthy result hy this means. It ap¬ 
pears, indeed, as already stated, that M. Madler has obtained for the 
planet an ellipticity equal to M. Otto Struve, however, who ob¬ 

served the planet still more recently with the magnificent refractor of 
Pulkowa, wQ-s unable to discern the slightest trace of ellipticity. 

Sir William Herschel at one time was inclined to suspect that Uranus 
is surrounded hy one or two rings. On the 4th of March, 1787, 
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having examined the planet ■wilh. hia ^^O-feet reflector, he perceived 
two projecting points, at opposite extremities, of a diameter extending 
east and west, and also two similar points, though somewhat smaller, 
at a distance of 90® from the others. The same appearance having been 
witnessed by him on several successive evenings, he suspected that the 
planet might be encompassed by two rings at right angles to each 
others. Subsequent observations, however, shewed him that the ap¬ 
pearance was illusory. The suspicion of a ring returned to his mind on 
a future occasion; hut in this instance also it proved to he unfounded. 
Indeed, he remarked that during the interval of ten years, extending 
from to 1795^, which his observations of the planet embraced, 

whatever might have been the position of the node of the ring, the 
planet mnst have removed to a sufficient distance from it at some time 
during that period, to cause such an opening of the ring as would render 
it pretty visible, if it had existed at all. 

Soon after his discovery of Uranus, Herschel endeavoured to ascertain 
whether it was attended by satellites ; but although he repeatedly ex¬ 
amined the planet for this purpose, with his most powerful telescopes, he 
was unable to discover any trace of the existence of such bodies. He 
ascribed his failure to the want of a sufficient quantity of liglit to render 
visible such faint objects as he pi'esumed the satellites of so remote a 
planet would be. As soon, however, as ho experienced the advaiitage of em¬ 
ploying the front view in his telescopes, from the additional quantity 
of light which he gained hy this contrivance, he again resolved to pi-o- 
seeute this interesting enquiry. Accordingly, on the 1 Itli of January, 1787, 
he directed one of his telescopes to the sweep, including the planet, and 
when it arrived on the meridian he perceived several faint stars near 
to it, the positions of which he noted down with great care. On the 
following evening, when the planet returned to the meridian, he 
looked out with eager scrutiny for his stars, and ho found that two 
of them were missing. He repeated Ins observations on the 1 Ith, 
17th, 18th, and 34th of January, and also on the Ith and fith of 
February, carefully delineating on each occasion the configurations of the 
small stars in the vicinity of the j)lanot. Although he had no longer any 
doubt of the existence of one satellite at least, he deferred making any 
communication respecting it, until he had seen it actually in motion. Ac¬ 
cordingly he directed his telescope to the x)la.net on the 7th of February, 
and having fixed his attention on the satellite at six o’clock in the evening, 
he steadily kept it in view until 8 o’clock in tho following morning. During 
the course of nine hours that he remained at the telescope, he had the 
gratification of perceiving that the satellite continued faithfully to attend 
the planet, while at the same time it described a considerable arc of its 
proper orbit. He did not omit following another star which, from his pre¬ 
vious observations, be suspected to he a satellite, but from his attention 
having been so strongly directed to the object already mentioned, he could 
not be so well assured of its motion. The observations of the 9th of Feb¬ 
ruary removed all doubts from his mind, the star, during the interval 
which elapsed since his previous observation, having advanced in the same 
direction with the other star already recognised as a satellite, but with a 

* Phil, Trans., 1798, p. 67. 

f This appears, from the context, to have been his 20-fcet reflector, although he does 
not expressly mention that it was that instrument. 
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quicker motion. Erom tliis circumstance he inferred that it revolved be¬ 
tween the latter and the planet. He, therefore, called it the first satellite 
while the one more remote, although the first that had been discovered, 
received from him the name of the second satellite. 

Herschel communicated an account of his discovery of the satellites of 
XJranus to the Royal Society, in a paper which was read before that body 
on the 15th of February, 1787 A sufficient interval of time had not yet 

elapsed to enable him to determine the elements of their motion ; but by 
a rough estimation, he found that the first satellite completed its synodic 
revolution in about eight days and three quarters, and the second in 
thirteen days and a half. He also remarked that the orbits were inclined 
at considerable angles to the ecliptic. As soon as he obtained an adequate 
number of observations of the two satellites, he undertook a rigorous 
determination of their elements. The results of his researches are con¬ 
tained in a paper which was read before the Royal Society on the 5i9nd of 
May, 17881. He found the time of a synodic revolution of the first satel¬ 
lite to be 17^’- 1”* 19®.3, and that of the second to be 13*^ 11^ 1®.5. 

He determined the apparent distance of the second satellite at the mean 
distance of the planet from the earth to be 44".23. It was a matter 
of such extreme difidculty to obtain even a sight of the first satellite, that 
he did not attempt to establish its distance from the planet by obser¬ 
vation ; but knowing the periodic time, and knowing also the periodic 
time and distance of the second satellite, he was enabled to deduce it from 
these data by means of Kepler’s third law. In this manner he found the 
apparent distance of the satellite from the planet to be 33".00. He de¬ 
termined the inclination and the longitude of the node of the second satel¬ 
lite, but the results exhibited an ambiguous character, in consequerice of 
an uncertainty in the observations, which could not be removed until the 
planet had revolved round the sun through an arc sufficiently large to oc¬ 
casion a sensible change in the position of the satellite’s orbit relative to 
the earth. The ambiguity involved an extraordinary alternative, to which 
we shall presently have occasion to allude more particularly. Herschel 
found from his observations of the first satellite, that the position of its 
orbit did not deviate sensibly from that of the second. On account of the 
great inclinations of their orbits, the satellites could only be eclipsed when 
the planet was passing through either of their nodes. Plerschel an¬ 
nounced that they would undergo eclipses in either of the years 1799 or 
1818, adding that they would apjjear, on such an occasion, to ascend out of 
the shadow of the planet, in a direction almost perpendicular to the plan© 
of the ecliptic. This interesting phenomenon was predicted with a re¬ 
markable degree of accuracy, considering the extreme difficulty of obtain¬ 
ing reliable observations of the satellites, and the short interval of time 
which elapsed since their discovery; but from a circumstance connected with 
the visibility of these minute bodies, which the illustrious astronomer was 
the first to point out, it has not been hitherto allotted to mortal eyes to 
witness it. 

"We have mentioned that the results at which Sir William Herschel 
arrived, relative to the position of the orbits of the satellites, were to a 
certain extent ambiguous. It was manifest that the orbits were almost 
perpendicular to the plane of the ecliptic, and that the j)lanet was advanc¬ 
ing towards their ascending node; but there were two positions of the orbits, 

^ Phil. Trans., 1787, p. 12^, et seq, + Phil. Trans., 1788, p. 364, et seq. 
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eitlier of which would satisfy the olDservations. This will he easily tinder- 
stood when it is home in mind that a circle viewed obliquely assumes 
the form of an ellipse, whose eccentricity depends upon the degree of 
obliquity, and that it is possible to assign two different positions to a 
circle, in each of which it will be equally oblique with respect to the visual 
ray. As an illustration of this remark let the circle a b c b represent the 
orbit of the satellite, and let the plane of the paper be perpendicular to 


A. 



the visual ray. Let us now suppose the orbit to turn through a certain 
angle round the axis ac, so that the semicircle a b c shall, by this means, 
be elevated above the plane of the paper, while the opposite semicircle, 
ABC, is equally depressed below it. When the orbit is viewed in this 
new position, it will be projected upon the plane of the paper, and will 
appear to coincide with the ellipse a. h o d, the eccentricity of which 
will increase as the orbit revolves through a greater angle, or, in other 
words, according as its plane becomes more oblique with respect to the 
visual ray. If, however, we had supposed the orbit to revolve in the 
opposite direction through an equal angle, so that the semicircle a b o 
was depressed below the plane of the paper, while the opposite semicircle, 
ABC, was equally elevated above it, the projected orbit, in this case also, 
would manifestly coincide with the ellipse a h o d. It will, therefore, 
be impossible for an observei*, by simply viewing the motion of the satel¬ 
lite from a remote point situate above the plane of projection, to ascertain 
whether the semicircle a b o is turned towards him, or whether it is 
turned away from him. It is manifest, however, that the position of the 
orbit of the satellite, with respect to a fixed plane, will be very different 
in tire two cases. The true position can only be decided by the motion 
of o, the common centre of the two circles, which causes one of the assumed 
orbits of the satellite to become more, and the other to become less 
oblique with respect to the visual ray ; whence, by confronting the two corre¬ 
sponding ellipses with the results of observation, it is possible to ascertain 
which of the circles represents the real orbit of the satellite. For example, 
let us suppose o (representing the planet) to revolve from right to left 
round the eye of the observer as the centre of motion, the plane of 
the circle A b o b, constantly moving parallel to itself, it is then mani¬ 
fest that if the semicircle a b o be turned towards the observer it will 
become more and more oblique with respect to the visual ray, and, there¬ 
fore, the ellipse Ah o d will gradually contract in width. On the other 
hand, if the semicircle a b o be turned away from the observer, the 
motion of o will cause the plane of the orbit a b c b to become less and 
less oblique with respect to the visual ray, and the ellipse will gradually open 
out. Herschel accordingly remarked in 1788, that although the position of 
the orbit of the second satellite was then doubtful, the true position would be 
ascertained jti the course of a few years by the op)eiiing or closing of the 
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apparent ellipse of the satellite. If the ellipse should contract, the longi¬ 
tude of the ascending node of the satellite would he 108° 0^ 3'^'^.9, and 
the planet would pass through it in 1799; but on the other hand, 
if the ellipse should open out, the longitude of the ascending node would 
he 946® 9' and the passage of the planet through it would not 

take place before the year 1818* * * § . The most interesting circumstance 
connected with this ambiguity referred to the motion of the satellite, 
which would be direct or retrograde, according as the ellipse was observed 
to open or close. A similar remark was applicable to the first satellite, 
the position of whose orbit was found to coincide with that of the second. 
Herschel found from observations of both satellites, subsequent to 1788, 
that their apparent ellipses continued for some time to contract, and he 
hence drew the legitimate conclusion that their motion is retrogade. He 
formally announced this result for the first time in a paper which he corn- 
municated to the Royal Society tow’ards the close of the year 1797 -j'. This 
singular anomaly in the planetary system has been confirmed by the 
ohservatiohs of subsequent astronomers. Herschel was now enabled 
defini tavftly to announce that the ascending node of the satellites was 
situated in 168® 0' 3".9 of longitude, and that the planet would pass 
through it in the year 1799. The common inclination of their orbits to 
the orbit of the planet had been found by him in 1788 to be 80® 90' 11".! J. 
On a future occasion he arrived at a more accurate determination of the 
position of the orbits. 

In the paper above referred to, Herschel announced his discovery of 
four additional satellites of Uranus. The number of the satellites of tho 
planet therefore now amounted to six. One of the new satellites was the 
nearest of all to the planet; another revolved in the space included 
between the orbits of the two satellites already discovered; the remaining 
two were exterior to both the old satellites. Conformably to the practice 
of naming the satellites according to the order of their distances from the 
planet, Herschel, in this paper, distinguished the two satellites discovered 
in 1787, by the names of the second and fourth satellites §. With respect 
to the four new satellites, although confidently asserting their existence, 
be did not venture to give an exact determination of their distances from 
the planet or their periodic times, on account of the small number of 
undoubted observations of them which he possessed, but he assigned, as 
provisional data, certain approximate values of these elements, remarking 
that future observations might require that they should be considerably 
modified. These results, including the elements of the second and fourth 

* Phil. Trans., 1788, p. 375. t Phil. Trans., 1798, p. 47, et scci. 

J Phil. Trans., 1788, p- 375- Herschel, indeed, assigned in this paper two valuc.s 
of the inclination, corresponding to the two values of the longitude of the node, and it was 
hy means of these results that he expressed the ambiguity in the position of tho orbits. 
.^8, however, the’other value of the inclination, viz. 99° 39' 48''.9, is tho supplement of that 
peeptioiaod in the text, it is manifest that the conclusion at which Helrschel arrived may be 
equally well expressed by adopting tbe smaller inclination in both cases, and supposing 
the motion to be retrograde in the case wherein the supplement was assigned. For the 

sake of simplioity this rnode of interpretation has been employed. 

§ , The illustrious astronomer did xiot, how’ever, invariably adhere to this nomenclature, 
fQT ip all discussions relating exclusively to the two old satellites, he applied to them their 
orlgnipi.1 appellations. In order uot to introduce confusion into the text, we shall con¬ 
tinue to denominate each satellite according to the order of its distance from the primary, 
assuming the existence of the six satellites to be an established fact. 
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satellites, as deterniiiied by Mm in. 1788, are contained, in tbe following 
table. 


Order of OigitaTice. 

Date of Discovery. 

Distance from 
the Planet. 

Periodic Time. 

1st satellite 

January 18, 1790 

25'b5 

5<i 21 u 25”^ 

2nd do. 

January 11, 1787 

33 -09 

8 17 1 

Srd do. 

March 26, 1794 

38 .57 

10 23 4 

4th do. 

January H, 1787 

44 .23 

13 11 5 

5th do. 

February 9, 1790 

88 .46 

38 1 49 

htb do. 

February 28, 1794 

177 .92 

107 16 40 


Tlie distance of the first satellite -was tbo result of a micrometrical 
measure executed by Herscbel at a time when be supposed tbe satellite 
to be at its greatest elongation from tbe planet. The distance of tbe tbird 
satellite was determined by assuming its orbit to bisect tbe linear interval 
included between tbe oi'bits of tbe two older satellites, tbe fiftb satellite 
was supposed to be twice as distant from tbe planet as tbe fouitb, and tbe 
sixtb satellite to be four times as distant as tbe same satellite was. 

The periodic times were nSt deduced from observation, but were calcu¬ 
lated by means of Kepler’s third law _ , „ . ^ 

In 1815 Herscbel communicated to tbe Royal Society his fourth and 
last paper on tbe satellites of Uranus Tbe passage of the planet through 
the ascending node of tbe satellites bad supplied him with a favourable 
opportunity of obtaining a more accurate determination of tbe elements of 
tbe two old satellites, their apparent orbits on that occasion having assumed 
the form of straight lines. He found from observation, that the planet 
passed through the ascending node of tbe satellites on tbe 12tb of March, 
1798. The longitude of tbe node was, therefore, 105° 30b He fixed the 
inclination of the orbits of the satellites to tbe ecliptic at 78° 58b A new 
investigation of the synodic revolutions of tbe two satellites gave him 
8<i 16^^ 56’” 6».2 for tbe period of tbe second satellite, and 13’^ 11^ 8‘” 59® 
for tibe period of tbe fourth. 'VV^itli respect to the question of the distances 
of the satellites from the planet, he did not undertake to correct tbe 
results he had already arrived at, hut he assigned certain measures of 
■both, satellites, which he considered might be useful in future enquiries 

relative to this point. - Tryoo 

The passage of the planet through the node of the satellites in 179b, 

ena.'bled Herscbel to obtain a few more observations of the satellites whose 
existence he first announced in 1797, He still continued to assert his 
firm belief in the existence of other satellites besides those of 1787, hut 
it was a matter of such extreme difficulty to obtain even occasional glimpses 
of these remote atoms, and still mors so to distinguish them from 
another, that he did not venture to give a rigorous determination of 
tticir 0l6in6ntS| or oybh to ^issign tli 0 prGciso ihiuiIdci of so^tcllitcs. ^ xxo 
therefore confined himself to the communication of all the observations indi- 


^ Herschel’s observations of tbe supplementary satellites appear to have been made 
with his 20-teet reflector. In a subsequent paper ^Phil Trans., 1815) he explains the 
Grounds upon which he was induced not to make more frequent use of his gigantic 
telescope of 40 feet focal length, which conducted him, immediately after its completiQtj 
jjj 1789, to the discovery of the two interior satellites of Saturn, 
f Phil. Trans., 1815, p. 293, et seq. 
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cative of their existence, leaving to future astronomers'the task of deducing 
positive results respecting them, when a more complete system of data for 
this purpose should be obtained by means of additional observations. 

Sir William Herschel found that the interior of the two old satellites 
was brighter than the exterior satellite, whence he concluded that it was 
the more considerable of the two in point of magnitude It appeared 
from his observations, that both satellites were subject to great varia¬ 
tions of brightness. It happened, in consequence, that the exterior satel¬ 
lite was sometimes more distinctly visible than the interior. Herschel 
concluded, from this variation in the brightness of the two satellites, either 
that there existed dark tracts on their surfaces which were turned in suc¬ 
cession towards the earth by the rotation of the bodies on their axes, or 
that each satellite was enveloped in an atmosphere which, by its fluctu¬ 
ating movements, occasionally laid bare the dark surface of the satellite, 
as in the case of the Sun, Jupiter, and Saturn f. 

Herschel found that both satellites invariably disappeared when they 
arrived within a certain distance of the planet. The limit of visibility, 
however, was different for each satellite. The interior satellite generally 
vanished at a distance of 18^' from the planet. The exterior satellite 
ceased to be visible at the distance of 20''' b A dense atmosphere envelop¬ 
ing the planet would explain the disappearance of the satellites, did it not 
happen that they were lost sight of, when traversing the nearest half of their 
orbits as well as the opposite half. The only satisfactory explanation which 
could be given of the phenomenon was, that the feeble light of the satellites 
was overpowered by the superior lustre of the planet. Herschel remarked, 
that, owing to a similar cause, the Earth, Venus, and Mercury, would for 
ever remain invisible to the inhabitants of Uranus, being constantly lost 
in the effulgence of the Sun’s light. It is interesting to trace the progress 
of optical science (or rather its application to practical purposes) in con¬ 
nexion with the question of the visibility of the smaller bodies of the 
planetary system. Huyghens generally lost sight of the satellite dis¬ 
covered by him, two days before its arrival in conjunction with the planet, 
and did not again perceive it tmtil two days after conjunction §. Cassini 
was unable to perceive the satellite immediately interior to that of 
Huyghens, except at its greatest elongation from the planet, even when 
its orbit was so open that at the time of conjunction it passed quite clear 
of both the planet and the ring [|. Sir William Herschel, however, suc¬ 
ceeded in keeping sight of every one of the seven satellites of Saturn 
until they actually arrived in contact with his disk * ** fr. Perhaps some 
future observer may succeed in accomplishing for the satellites of Uranus 
what that illustrious astronomer achieved in respect to those of Saturn 

The satellites of Uranus require telescopes of such a high degree of 
perfection to render them barely discernible that, after Sir William 
Herschel ceased to direct his attention to these remote bodies, any further 
observations of them were for a long time neglected. This remark applies 

* Phil. Trans., 1798, p. 78. -f- Ibid., 1815, p. 856. 

J Ibid., 1798, p. 76; ibid., 1815, p. 355. 

§ Opera Varia, tom. ii., p. 524- 

(1 Anc. M^m. Acad, des Sciences, tome x., p. 586. 

^ Phil. Trans., 1790, Part I., p. 7 ; also 1798, p. 74. 

** It results from the invisibility of the satellites of Uranus near conjunction, that the 
eclipses of these bodies which, on account of the great inclination of their orbits can 
only take place on.the occasion of the passage of the planet through either of the nodes) 
will necessarily be invisible also. 
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not merely to tlie four satellites alluded to by Herscliel at a later period 
of lais researclies, tlie existence of wliicli miglit be regarded as proble¬ 
matical, but also to the two satellites originally discovered by him in 
lYSY, the theory of whose motions he had brought to a state of consider¬ 
able perfection. It does not appear that any astronomer obtained even a 
sight of these faint objects until the year 1828, when Sir John Herschel 
detected them with a 20-feet reflector. In order to verify the general 
character of the views of his illustrious father, relative to the orbits of the 
two satellites, and to obtain a fresh correction of their periodic times, the 
same astronomer executed a series of observations of their angles of posi¬ 
tion with the meridian, throughout the years 1830, 1831, and 1832. By 
a skilful discussion of his father’s observations of the second satellite, and 
a similar treatment of his own, he obtained two epochs of the passage of 
the satellite tlirough the ascending node of its orbit, which embraced an 
interval of 15122'^. 4’^ 17”', and included 1737 revolutions of the satellite. 
Having calculated the duration of 1737 revolutions of the satellite, from 
the periodic time, as determined by his father, he found it to be 
15121*^ IS’^' 32s.4. This was less than the time deduced from the 

observations, by 12^ 34”' 28®. It followed, therefore, that the assumed 
period was a little too short; and from the number of revolutions com¬ 
prehended between the two epochs, it was easy to conclude, that the time 
of each revolution required to be lengthened by 26®.06. In this manner 
Sir John Hersclael obtained 16>' 56”' 31®.3 for the corrected period of 
the satellite. By pursuing a similar process with respect to the fourth 
satellite, he determined its periodic time to be 13^ 11^ 7'” 12®.6. In 
this case, therefore, his father’s period required to be shortened by 

468 _ 4 _ Th.e positions of the satellites, when calculated from their 
corrected periods, and the inclination and node of their orbits, as deter¬ 
mined by Sir ‘William Herschel, exhibited an accordance with the corre¬ 
sponding observations sufficiently close to establish the general accuracy 
of the theory of both bodies. Sir John Herschel found that the observations 
of the second satellite afforded pretty strong indications of ellipticity. He 
also considered it very probable that the data of the fourth satellite might 
prove to be equally indicative of elliptic motion, although^ it would be 
premature to attemipt the investigation of this part of the subject*. _ 

The next astronomer who directed his attention to the satellites of 
Uranus was MI. Lament, of Munich, who, in the autumn of 1837, made 
several accurate observations of the second and fourth satellites with a 
refractor of 15 feet focal length and 10|- inches aperture. The main object 
of his observations was to determine"” the greatest elongations of the 
satellites, witH the view of arriving at an accurate knowledge of the mass 
of the planet. He did not, however, omit to derive a new determination 
of the periodic times of both satellites, by a comparison of his own obser¬ 
vations with th-ose of Sir William Herschel and his son. By means of 
a series of micrometrical measures he determined the greatest elongation 
of the second satellite to be 31''.35, and that of the fourth to be 40''.07. 
He also obtained 8^ le^ 56«' 28®.5, and 13^ 11^ 7”' 6®.9 for the times of 
the synodic revolutions of the tw’o satellites -j*. 

M. Lament states, in his memoir, that he saw the most distant of the 
six satellites of Uranus on the 1st of October, 1837. This was the only 
verification tliat had been hitherto obtained of Sir William Herschel’s 
observations nelative to the existence of other satellites of the planet 

* Mem. Ast. Soc. vol. vui. p. 1, et seq. t Ibid., vol. xi. p. 51, et seq. 
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besides tliose discovered by him in 1787, Additional light has been thrown 
upon this interesting subject by the observations of astronomers during 
the last few years. The first satellite, or the nearest of the six to the 
planet, has been repeatedly observed by Mr. JLassel in this country, 
and also by M. O. Struve in Russia- Mr. Lassel first saw the satellite on 
the 14th of September, 1847. The observations of M. Otto Struve 
date from the 8th of October of the .same year. The Rev. W, R. 
Dawes having instituted a comparison between the results of both these 
astronomers, came to the conclusion that they are incompatible with 
each other upon any supposition whatever relative to the elements of the 
satellite, and upon this ground he has suggested the probability of there 
being two satellites instead of one, revolving within the interior of the two 
old satellites. By a discussion of the observations of Mr. Dassel, he found 
that the apparent distance of the satellite is only 11^'^, and the time of its 
revolution 3*^ 3^ 6®. M. Otto Struve, from his own observations, 

deduced 17''“'.5 for the distance of the satellite, and 3*^ 33^ 10'"'^ for the 
time of its revolution. The hypothesis of the existence of two distinct 
saitellites derives additional support from the fact that Mr. Dassel con¬ 
stantly saw the satellite on the north side of the lolanet, while M. Otto 
Struve^ on the other hand, invariably saw it on the south side. The latter 
of these astronomers has suggested that the satellite observed by him, like 
the fifth satellite of Saturn, might lose much of its light in the northern 
half of its orbit. Of course a similar remark is apifiicable, mutatis mu- 
tctndis, to the satellite observed by Mr. Lassel. It would appear, there¬ 
fore, that, besides the observations of Mr. Lassel and M. Struve^ being 
irreconcilable with each other, in so far as the motion of the body is con¬ 
cerned, there exists an essential distinction between the indications which 
they severally afford, of the physical constitution of the satellite. 

The third, or intermediate satellite, of Sir V7illiam Hersohel, included 
between the two satellites of 1787, was observed by Mr. Lassel on the 0th 
of November, 1847. No indications of its existence appear to have since 
been obtained by any observer. It is clear that much yet remains to be 
.done before anything like a satisfactory view of the XJranian system can 
be arrived at. In the meantime it offers to the astronomer an interest¬ 
ing field of observation and research; while it holds out in still rnore 
distant prospective to the geometer, the grounds of one of the most curious 
problems in physical astronomy. 

The telescopic discovery of the planet Neptune by Dr. Galls, to which 
allusion has been made in one of the preceding chapters, was soon 
followed by the discovery of a satellite of the planet. The science of 
astronomy is indebted for this interesting acquisition to Mr. Lassel, whose 
important discovery in connexion with the Saturnian system (although 
subsequent to the* present in the order of time) we have already had 
occasion to mention. On the 10th of October, 1846, Mr. Lassel, while 
engaged in observing Neptune, perceived a small star near it wdiich ho 
suspected to he a satellite, but as the ^danot was soon afterwards lost in 
the rays of the sun, he was unable to obtain an assurance on this point 
until the following year. Observations made on the 8th and 9th of July, 
l847j proved to him, beyond all doubt, that the object he originally 
perceived was in reality a satellite, and this conclusion was further 
strengthened by repeated observations of it during the course of the two 
following months. It was also observed soon afterwards, at Pulkowa, by 
M. Otto Struve, and at Cambridge, XJ. S., by Prof. Bond. This inte¬ 
resting discovery was made by Mr. Lassel, with a Newtonian reflector of 
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go feet focal lengtlij and g feet aperture, wliicli lie had constructed with 
his own hands. It was the first reward that crowned his successful 
exertions to provide himself with the means of effectually exploring the 
heavens, and it was one to which his ingenuity and perseverance had well 
entitled him *. 

As the satellite of Neptune supplies a method for determining the mass 
of the planet, independent of that founded on the perturbations occasioned 
by the planet, its periodic time and greatest elongation are elements 
the ascertainment of whose true values is manifestly an object of great 
importancei Prof. Pierce of Harvard College, XJ. S., by combining the 
observations of Messrs. Lassel and Bond, has found the periodic time of 
the satellite to be 5"^ SI*' and its greatest elongation to be 16'''.6* 

The corresponding results which M, Otto Struve has deduced from his 
own observations of the satellite, do not exhibit so close an agreement 
with these numbers as is desirable. According to that astronomer the 
periodic time of the satellite amounts to 5^ 31*' 15'", and its greatest 
elongation to 18". These different determinations of the periodic time 
and distance of the satellite, of coui'se, indicate difierent values of the mass 
of the planet. The element which offers the principal difficulty to the 
astronomer is the distance. Perhaps some time may elapse before its 
value will be ascertained with sufficient precision, to justify the hope of 
deducing from it the true value of the mass of the planet, an element of 
so much importance in all researches relative to the movements of those 
bodies upon which the planet exercises a sensible influence. Prom the 
observations of the satellite* it appears that its orbit is inclined to the 
plane of the ecliptic at an angle of about 35°, but it has not yet been 
ascertained whether the motion is direct or retrograde. 

Neptune offers an interesting analogy to the Earth, arising from the 
circumstance of its being attended by only one satellite. When, how¬ 
ever, the rapid advancement of astronomical science in recent times is 
taken into consideration, it will readily bo admitted, that it would bo 
unsafe to reckon upon the permanence of this analogy. Huyghens upon 
his discovery of a satellite revolving round Saturn alluded with conscious 
exultation to tho resemblance existing between the planet and the earth 
in this respect, as furnishing an argument in favour of the Oopernican 
system of the world of a much more conclusive kind than that supplied 
by the satellites of Jupiter f. Saturn, however, had only accomplished half 
a revolution in his orbit after this remark was made, when Cassini, by his 
discovery of two additional satellites, put a term to the fancied resem¬ 
blance between that planet and the earth. It must be admitted that 
on this occasion at least, the advocate of the immobility of the earth—for 
such Cassini may he accounted to he—gave an effectual reply to the 
reasoning of his unwary antagonist. 

111 connexion with the brief allusion in the text to Mr- LassePs labours, it may not 
be out of place to cite the following passage from the Report of the Council 
of the Astronomical Society, setting forth the grounds upon which it was resolved to 
award to him the gold medal of the Society for the year 1848. — “ The simple facts arc, 
that Mr. Lassel cast his own mirror, polished it by machinery of his own contrivance, 
mounted it equatorially in his own fashion, and placed it in an observatory of hia own 
engineering. A private man, of no large means, in a bad climate, and with little leisure, 
he has anticipated, or rivalled, by the work of his own hands, the contrivance of his own 
brain, and the outlay of his own pocket, the magnificent refractors with which the Em¬ 
peror of Russia and the citizens of Boston have endowed the observatories of Pulkowa 
and the Western Cambridge.”— JProc^ Ast, Feb. 1849. 

'1* Opera Varia, tom. ii., p, 531. 
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Of tlie eighteen satellites -which at present are recognised as belonging 
to the planetary system, seventeen -would have for ever remained unknown, 
■were it not for the aid afforded to human vision by the telescope. Nine 
of these satellites have been discovered exclusively with the refracting, 
and seven exclusively with the reflecting telescope. The remaining 
satellite was discovered by the independent use of two telescopes, one 
of which was constructed upon the refracting, and the other upon 
the reflecting principle. Of the satellites discovered with the refract¬ 
ing telescope, four (and these by far the most important of the seven¬ 
teen) were discovered by the aid of a little instrument resembling in 
principle the modern opera glass. Five were discovered with telescopes 
of immense focal length, constructed upon the principle originally recom¬ 
mended by Kepler. The achromatic telescope can boast of only one 
triumph, and even that is shared with the reflecting telescope. Of the 
satellites discovered with the reflecting telescope, two were discovered with 
an instrument of 40 feet focal length, and 4 feet aperture ; two, including 
the satellite discovered also with the refracting telescope, with an instru¬ 
ment of ao feet focal length, and a feet aperture; and four with an 
instrument of SO feet focal length and 18 inches aperture. 

There is no department of astronomical science which has heen culti¬ 
vated more assiduously in recent times than that relating to the move¬ 
ments of Comets. The highly-improved state of the methods of calculation 
relative to this subject, enable the astronomer with comparative ease to 
trace back the motions of comets throughout anterior ages, and by con- 
froiiting the results so obtained with the contemporary recoi’ds of ancient 
comets, in many instances to deduce conclusions of an interesting and 
valuable character. In this manner, it has been recently found that the 
famous comet of Halley was observed by the Chinese astronomers on the 
occasion of its passage of the perihelion in the year 1378. The earliest 
authentic account of this comet, contained in European records, relates 
to its passage of the perihelion in the year 1456. Halley suspected that 
a comet which appeared in 1380 might he identical with the one of 1682, 
hut from the vague terms in. which the ancient comet was alluded to, he 
found it impossible to arrive at any trustworthy conclusions on this point. 
No doubt, however, can exist with respect to the comet recorded in the 
Chinese annals. It appears from the researches of M. E. Biot, that a 
very conspicuous comet was observed in China in the year 1878. It iirst 
appeared on the 26th of September, and it continued to be visible during 
forty-five subsequent days. In the work containing the account of this 
comet, there is also a minute description given of the route which it 
traversed among the fixed stars during the period of its visibility. In 
order to ascertain whether this comet was identical with Halley’s, M. 
Laugier reduced the elements of the latter comet to the perihelion 
passage previous to that of 1456. The most delicate point of this en¬ 
quiry was the determination of the time of the passage of the perihelion, 
which, after vaidous trials, he finally fixed on Nov. 8.77, 1378. Having 
-then calculated the position of the comet on the 20th of September, 1378, 
and also various positions corresponding to the period included between 
that date and the 10th of November (on which day the recorded comet 
was last visible), he. found that the apparent path pursued by it agreed 
exactly with that indicated by the observations of the Chinese Astrono¬ 
mers =*«. The interval embraced between the perihelion passages of 1378 

* Comptes Rendus, tome xvi., p. 1004; Coniaaissaince des Temps, 1846. 
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and 1456, is longer than any other period of the comet that has been 
hitherto determined by observation *. 

Besides the comets to which allusion has already been made in con¬ 
nexion with the theory of gravitation, there are several other bodies of the 
same class which have also been found to revolve in elliptic orbits. It 
may be remarked that the question whether a comet returns periodically 
to perihelion, or whether, after having once visited the solar system, it 
then passes off definitively into the boundless regions of space, may admit 
of being, resolved in two different ways. The elements of two or more 
comets may be compared together, and if they should present a close re¬ 
semblance, it may be inferred that each pet of elements refers merely to a 
different return of the same body. Tliis circumstance will, therefore, 
serve to establish the periodicity of the comet, and the interval included 
between two consecutive apparitions will indicate the time of revolution. 
It was by means of such a comparison that Halley succeeded in establish¬ 
ing the periodicity of the famoxis comet which bears his name, and in 
predicting the time of its next return to perihelion. This was the only 
mode of determining the time of a comet’s revolution which Newton con¬ 
sidered to be practicable, for he was of opinion that all comets, without 
exception, revolve in very elongated ellipses, although for the sake of 
simplicity it might be assumed that towards the perihelion the path of 
each comet did not deviate sensibly from a parabola. The great im¬ 
provements which have been effected in the methods of calculation since 
Newton’s time have emboldened astronomers in many instances to an¬ 
nounce the periodicity of a comet, and to assign the time of its revolution 
by means of observations made on the occasion of only one apparition. 
This method is undoubtedly more direct and more generally applicable 
than that founded on the comparison of different apparitions; but the 
results obtained by the employment of it have seldom turned out to be 
satisfactory. The errors of observation bear so large a proportion to 
the deviations from parabolic motion, which, in this case, form the real 
data of the problem, and the arc described by the comet, during the period 
of its being visible, is usually so small, that the values assigned to the 
periodic time by different computers, have frequently exhibited a great 
discordance. With respect to many of those comets to which elliptic orbits 
have been assigned, their movements admit of being equally well repre¬ 
sented by paraWas. It is only in those cases in which it is found to be 
impossible to reconcile the actual motion of the comet with any parabola 
whatever, that the application of the elliptic method may be expected to 
lead to trustworthy results. 

The great comet of 1680 has been supposed to revolve in an elliptic 
orbit. Halley, by comparing it with several ancient comets, was induced 
to conclude that it accomplished a complete revolution in 676 years. 
Euler and Pingre, severally, calculated its period from the observations 
of 1680; but the results at which they arrived differed materially 


* The following are the periods which have been derived from the recorded observa¬ 
tions of the comet. 

From 1378 to 1456 77.58 years. 

1456 ,,1531 . 75.21 

1531 „ 1607 76.15 

1607 „ 1682 74.91 

1682 „ 1759 76.49 

1759 „ 1835 . 76.68 

The mean of these periods is 76.1 years. Comptes Hendus, tome xvi. p. 1006, 
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from each, other, as 'well as from the period -whieh Halley had deduced by 
the light of historical records. 

^ In. the year 1264, a. p., there appeared a splendid comet, 'which was 
visible both in Europe and China. From the resemblance of its appa¬ 
rent path to that of a comet observed in 1556, it lias been concluded 
that the two bodies are identical. Such is the view of the subject which 
has been taken by Pingre, Ealande, and various astronomers of the present 
day. Mr. Hind, by a skilful discussion of the recorded observations, has 
arrived at results which render still more probable tbe identity of the two 
comets. If this be true, the comet ought to return again to perihelion 
about the year 1848, the period being somewhere about 292 years. 
Such would be the case if the motion of the comet was effected solely by 
the central action of the sun. It is necessary, however, to take into ac¬ 
count the effects of planetary perturbation in determining the precise time 
of return to perihelion. This arduous task has been recently executed by 
!M. Bomme, a geometer of the Netherlands, who has found that the action of 
the planetSf will retard the comet’s arrival in perihelion until the year 1858 
or 4860 It is to be hoped that the expected stranger 'will, in due time, 
respond to tb© elaborate calculations of which it has formed the subject. 

Tbo great comet of 1811 was found by Bessel to have a period of 3383 
years. Several other astronomers who have calculated the elliptic ele¬ 
ments of this comet have obtained results agreeing very nearly with each 
other and also with that deduced by Bessel. Comets which take such an 
immense length of time to accomplish a single revolution, lose much of 
the interest which the periodic character of their movements is otherwise 
calculated to excite. The case is quite different with respect to such 
comets as those of Eiicke, Biela, Eaye, and De Vico, which may he ex¬ 
pected frequently to return, to perihelion during the average i^eriod of 
human life. Two other comets liave recently been found to revolve in 
elliptic orbits of comparatively small dimensions^ On© of these was dis¬ 
covered by M. Brorsen, on the 26th of February, 1846. Its period has 
been determined to be about five years and a half. The last passage of 
the perihelion took j)laoe on the 25th of January, 1846. The other 
comet of short period was discovered by M. Peters, on the 26th of Juno, 
1846. It has been found by M. D’Arrest that tlie observations of this 
comet are capable of being represented by an ellixDtic orbit, with a period 
of 5804 days, or about sixteen years. 

The most sxdeudid comet of the present century was that which appeared 
in the early p)art of the year 1843. The following elements of its motion, 
calculated by Sig. Capocci, will serve to give an idea of the orbit in which 
it moves. They have been selected for this purpose on account of the peri¬ 
helion distance coinciding almost exactly with the mean of the perihelion 
distances arrived at by various other astronomers who have computed the 
elements of the comet:— 

Passage of the pez’ihelion, February 27.50-13 

Perihelion distance. 0.00538 

Longitude of the Perihelion. 277® 62' 35" 

Longitude of ascending Node. 354° 48' 60" 

Inclination . . . 35° 56' 55" 

Motion Retrograde. 

* Mr. Hind’s elements of the .comet of 15S6, when employed as the basis of calcula- 
. tion, fix the passage of the perihelion in the year 1858. Halley’s elements make the 
passage two years later. 
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It appe^-rs from the above value of the perihelion distance that the 
comet approached nearer the sun than any other comet recorded in his¬ 
tory, The great comet of 16^0 had been hitherto the most i-emarkable 
in this respect of all those comets whose elements had been determined, 
having approached the sun’s surface within one-third of his diameter. 
The least distance of the comet of 1843 from the sun’s surface did not 
amount to more than one-seventh of the solar diameter. The comet, there¬ 
fore, approached twice %s near the sun as the comet of 1680. 

The immense velocity of the comet of 1843, when revolving in the 
neighbourhood of the sun, arising from the smallness of its perihelion dis¬ 
tance, occasioned, some extraordinary ^peculiarities in its motion. Thus 
between the f27th and S8th of Tebruary it described upon its orbit an 
arc of Supposing it to revolve in an elliptic orbit, this would leave 

only 68® to be described during the time which elapses until the next 
arrival in perihelion. On the evening of the J27th of February it de- 
scribed the whole of the northern part of its orbit, having occupied only 

11*“ in passing from the ascending to the descending node. It was 
twice in conjunction with the sun on the 27th of February, The first 
conjunction took place at 9^ 24*** p. m. The comet was then revolving 
beyond the sun. The second conjunction took place at 12^* 16*** p. m. 
The comet was then passing between the sun and the earth. The time at 
which this interesting event occurred, prevented astronomers from ascer¬ 
taining whether the comet would have, been visible when projected upon 
the solar disk 

It has been suspected that the comet of 1843 is identical with another 
great comet which appeared in the same region of the heavens in the 
year 1668, and which was visible at San Salvador in Brazil, at Bologna, 
and Xiisbon. On .the evening of the 6th of March the comet was seen at 
San Salvador by Father "Valentine Estancel. It then appeared a little 
above the western horizon. The tail measured 23° in length, and resem¬ 
bled a huge beam of light, extending nearly in a horizontal direction 
from west to south. Its light was so vivid that persons standing on the 
shore were enabled to discern its reflexion on tbo sea ; but the liead was 
so small as to be scarcely visible -j*. The comet was observed by the same 
individual on the 7th of March. Cassini observed it at Bologna on the 
10th and 14th of the same month. Drawings of the direction of its tail, 
as determined by him on those days, were afterwards communicated by 
Maraldi to the Academy of Sciences I, It is a remarkable fact that if this 
comet be supposed to have passed its perihelion on the 27th of February, 
1668, the Brazilian observations, as well as those of Cassini, will be repre¬ 
sented with sufficient accuracy by the orbit of the comet of 1843. This 
would assign to the comet a period of exactly 175 years. 

The elements of the comet of 1843 presented also a strong resem¬ 
blance to those of a comet observed in 1689, The most discordant ele¬ 
ment was the inclination, which, in the case of the latter comet, amounted 
to 69° 17' according to the calculations of Pingr6. The same astronomer 
found the passage of the perihelion to have taken place on December 1.6, 
1689. Sig. Capocci, how’ever, remarked, that if the comet be supposed 
to have passed its perihelion on December 3, all the recorded obser¬ 
vations will be accurately satisfied by the elements of the comet of 1843. 

* Comptes Rendus, tome xvi., p- 642. f Comotograpliie, tome ii., i>. 22. 

X Mem. Acad, des Sciences, 1702, p. 107. 
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Hence, in order to reconcile this conclusion with that arrived at relative 
to the comet of 1668, it would he necessary to diminish the period of the 
comet to 31 years. But there are other comets which,^astronomers have 
suspected to he identical with the comet of 1843, especially those of 
1618 and 1Y03. Capocoi, therefore, suggested the prohahility of the 
period of the comet being somewhere about seven years, remarking that 
this hypothesis would afford a satisfactory account of numerous apparitions 
of comets recorded in history. The opinions of this astronomer have re¬ 
ceived a remarkable confirmation from the suhseqixent researches of Prof. 
Pierce and M. Clausen. Prof. Pierce having recomputed the elements 
of the comet of 1689, obtained 30° 35'for the inclination of the orbit. 
This result agreed almost exactly with that obtained for the inclination 
of the comet of 1843. He also found the passage of the perihelion to 
have taken place on December 3.1463, 1089. M. Clausen having 
discussed the totality of the observations of the comet of 1843, found that 
they would be best represented by supposing the comet to revolve in an 
elliptic orbit, the period of which he fixed at 0.8 years. It is not easy to 
reconcile this conclusion with the fact of the comet not having been 
more frequently recognised on former occasions of its return to peri¬ 
helion. This circumstance may be accounted for in some instances by 
the peculiar position of the orbit of the comet, in others, perhaps, by 
changes in its physical constitution, which may exercise a material in¬ 
fluence on its visibility. 

The physical constitution of comets forms a subject of research at once 
so varied and extensive that it has been deemed expedient to devote a 
separate chapter to an account of the labours of astronomers in con¬ 
nexion with it. 


CHAPTER XV. 

General Aspect of Comets.—Translucency of Cometic Matter—-Structure and Di¬ 
mensions of the Envelope.—Description of the Tail.—Its Direction and Curva¬ 
ture.—Peculiarities of Structure Dimensions.—Phenomena Observed durinj^ the 

Passage of Comets through their Perihelia.— Comet of Halley. — Comet of 1799- 

Variation of. the Volume of Comets.—Hevelius.— Newton.— Struve.—Hcrschel.— 
Dissolution of Comets.—Historical Statement of Ephorus.—Comet of Biela.—Devc- 
lopement of the Tail.—Comet of 1680.—Comet of 1769.—Anomalous Appearances in 

the Tail_Instances of Remarkable Comets.—Hypotheses respecting their Physical 

Constitution.—Theories of the Variation of a Comet’s Volume.—Newton.—Valz.— 
Herschel. —Theories of the Tails of Comets.— Kepler.—Newton.—Electrical Theory.— 
Light of Comets.—Appearance of Phases.—Cassini.— Cacciatore.—Polarization of the 
Light of Comets.—Researches of Arago.—Question respecting the Solidity of Comets. 
— Newton.—Laplace. — Smallness of a Comet’s Mass.—Ultimate condition of Cometary 
Bodies.—Opinions of Newton, Laplace, and Herschel on this point. 

The question relative to the constitution of Comets is one of the most in¬ 
teresting in the whole range of celestial physics. There is something in 
the sudden apparition and strange aspect of these bodies which is calcu¬ 
lated to arrest the attention of the most careless observer of nature. In 
former ages they were regarded with superstitious dread, as manifestations 
of divine displeasure, and the harbingers of impending calamities. Every 
feature in their appearance was gazed upon with intense anxiety, and was 
assimilated, by the influence of an excited imagination, to the awe-inspiring 
lineament of a supernatural phantom. In recent times, when a more ad- 
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*Vanced state of civilization has led to juster views of celestial phenomena, 
it has become an interesting branch of study to enquire into the nature of 
cornets, and the pprposes which they fulfil in the economy of the material 
universe. And although it must be acknowledged that little progress has 
hitherto been made towards obtaining a satisfactory solution of these ques¬ 
tions, still a multitude of facts have been disclosed by the observations of 
astronomers, which have formed the groundwork of much ingenious specu¬ 
lation, and have tended to throw some degree of light on the mysterious 
subject to which they relate. 

Comets exhibit various peculiarities by means of which they are readily 
distinguishable from other bodies. The light by which they shine is 
generally pale, compared with that of the planets or stars. The principal 
part of their structure is the head, which presents the appearance of a ne¬ 
bulous body, more or less condensed towards the centre. Within the head 
a bright point is seen, approaching in lustre to a planet. This is called the 
nucleus of the comet. The nebulosity of the head is surrounded by a 
hazy contour, termed the coma. But the most remarkable part in the 
structure of a comet is the tail, which appears as a long train of light 
issuing from the head. Although these are the more prominent features 
by which comets are in many instances characterised, they are found actu¬ 
ally to exhibit a great variety of aspect. Multitudes of comets, which are 
visible only in telescopes, present neither tail nor nucleus; but merely re¬ 
semble a round mass of vapours slightly condensed towards the centre. 
Even of those comets which are visible to the naked eye there have been 
some which did not exhibit the usual features of these bodies. The comet 
of 1585, observed by Tycho Brahe, possessed neither tail nor coma, but 
appeared perfectly round like a planet*. Various examples of the same 
sort are to be found in the records of astronomical observation. 

The substance of which comets are composed is characterised by an 
extreme degree of tenuity. This has been inferred from the fact that 
stars have been seen through them without exhibiting any sensible dimi¬ 
nution of lustre. Even as early as the time of Seneca it was remarked 
that stars were occasionally visible through the substance of comets. It 
might w’^ell he supposed that the rude observations of ancient times would 
be incapable of indicating delicate alterations of brightness, even although 
they should exist. Modern astronomers, however, universally agree in 
representing the translucency of cometio matter to be in most oases so 
perfect as to offer no obstacle to vision. .Numerous observations might be 
cited in confirmation of this fact. Thus, on the 9tli of November, 1796, 
Sir William BEerschel observed the comet of that year pass centrally over 
a telescopic double star of the eleventh or twelfth magnitude ; hut, not¬ 
withstanding this circumstance, the smaller of the two component stars 
continued, during the whole time of the transit, to he distinctly visible j'. 
Olhers perceived a star of the tenth magnitude through the comet of 
1803; hut he was unable to persuade himself that it exhibited any dimi- 
nufton of its usual brightness. On the 7tli of November, 1838, M. 
Struve perceived a star of the tenth magnitude within a few seconds of 
the brightest part of Encke’s comet; but the light of the star did not 
seem to be enfeebled in the slightest degree. Sir John Herschel, in a 

Plane rotunda extitlt; nec ullam caudam aut barbam in unam magis quam in aliam 
partem portendebat. (Epist. ad Zandgrav. p. 13.) 

" + Phil. Trans. 1796, Pt. I., p. 133. This comet was discovered by Miss Caroline 
Herschel; it has since been ascertained to have been an apparition of Kncke’s comet. 
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paper on Biela’s comet, -wliich appears in the “ Memoirs of the Astrono¬ 
mical Society,” has mentioned a fact which strikingly illustrates the trans¬ 
parency of the substance of which comets are composed. The comet 
having passed over a small cluster of stars of the sixteenth or seven¬ 
teenth magnitude, the appearance presented was that of a nebula, partly 
resolvable into stars. The most trifling fog would have effaced the stars ; 
but in the present instance they still continued to be visible, although 
the oometic matter interposed between them and the observer must have 
been at least 50,000 miles in thickness *. It might be expected that a 
star when seen through the substance of a comet would suffer an appa¬ 
rent displacement, from the refraction exercised by the cometic matter 
upon the rays of light proceeding from the star to the observer. No such 
phenomenon, however, has ever been detected by any astronomer. An 
important observation was made by Bessel, with the view of deciding this 
interesting point, on the occasion of the last apparition of Halley’s comet. 
On the 39th of tSeptember, 1835, a star of the tenth magnitude ap¬ 
proached within 7''^.78 of the nucleus of the comet, but its apparent 
position was not affected in the slightest degree f. It is manifest from 
this cimumstance that, unless the matter of which a comet is composed 
differs in its essential properties from other material substances, it must 
possess a degree of tenuity which is quite inconceivable. 

The nebulosity in which a comet appears enveloped is, in some in¬ 
stances, separated from the head by a dark space, indicative of a trans¬ 
parent atmosphere. This formed one of the most striking features of the 
great comet of 1811 On the side turned towards the sun there appeared 
a semicircular ring of light enveloping the head, but maintained quite dis¬ 
tinct from it by a dark interval of uniform breadth, through which small 
stars were visible. The opposite extremities of the luminous semicircle 
extended beyond the head in two slightly-diverging streams of light, occa¬ 
sioning the appendage of the tail. By an attentive examination of the 
different parts of the comet daring the period of its visibility. Sir William 
Herschel was conducted to a remarkable conclusion respecting its struc¬ 
ture. Brom the circumstance of the semicircular envelope constantly 
exhibiting the same appearance, he inferred that it was in reality a hollow 
hemisphere; for he justly remarked that, if it was similar in structure 
to the ring of Saturn, it could not fail to undergo a sensible change of 
apparent form, in consequence of the variable position which it assumed, 
arising from the combined motions of the earth and the comet. The 
darkness of the space between the luminous semicircle and the head arose 
from the line of vision not traversing a sufficient depth of the nebulous 
matter to render that part of the envelope visible. This will appear 
manifest when it is considered that the hemispherical envelope was viewed 
towards the centre in a direction almost perpendicular to its surface, 
whereas in those parts where the semicircle was visible, the line of vision, 
being a tangent to the surface of the envelope, traversed a much gre|.ter 
depth of matter, and thereby occasioned a greater concentration of light. 
From the transparency and uniform breadth of the dark interval which 

* Mem. Ast. Soc., vol. yi., p. 99, et seq. 

f Connaissance des Temps, 1840, Addit., p. 97. 

t The year 1811 was distmguished by the apparition of two comets, of which by far 
the more eonspicuous was thdl Whic^ first became visible. This is the comet to which 
allusion will be made on every future occasion, when speaking of the comet of l^d, 
uuless the second comet be expressly mentioned. 
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Separated th© envelope from the head^ Herschel concluded that the 
comet -was enGempassed by an elastic atmosphere. In accordance with 
this supposition, the semicircular ring of light would represent a stratum of 
nebulous matter suspended in the atmosphere of the comet, at a consider¬ 
able distance from the head. 

Observations of many other comets lead to the belief that they essen¬ 
tially resemble in structure the comet of 1811, but in every case the 
apparent form is modified by circumstances depending on the peculiar 
constitution of each body. Thus although the dark interval interposed 
between the envelope and the head was very apparent in the comet of 
1811, yet in most instances such a phenomenon is not discernible. Its 
absence may be accounted for by supposing the stratum of nebulous matter 
to he of sufficient depth to cause it to he everywhere visible. Hence, 
although it be suspended at a consideiable elevation above the more con¬ 
densed portion of the comet, the intermediate space will not be anywhere 
apparent. 

The extreme tenuity of the matter composing the head and the sur¬ 
rounding nebulosity of comets has been already mentioned. On the other 
hand, the dimensions to which these parts swell out is frequently enormous, 
Herschel found that the head of the comet of 1811 had a diameter of 
1S7,000 miles The diameter of the envelope was found by the same 
astronomer to be at least 643,000 miles f. 

It has been stated that within the head of a comet there is usually a 
bright point termed the nucleus. This is the only part of its structure 
whicli excites any suspicion of a solid substance. Some astronomers, 
however, maintain that the nucleus is composed of nebulous matter, like 
the other parts of the comet, differing from them only in the superior 
condensation of its particles. An observation of the comet of 18^5, by 
Sir John Herschel, tends to support this opinion. Having examined the 
comet with a 10-feet Newtonian telescope, he perceived a stellar point 
which seemed to indicate a solid nucleus. When he sought, however, to 
obtain a stronger assurance on this point, by the aid of a 20-feet reflector, 
the illusion was speedily dispelled. The comet now assumed th© appear¬ 
ance of a milky irresolvable nebula, the centre exhibiting a round disk, 
with a brightness equal almost to that of a planet, but without a definite 
outline or the least suspicion of a brilliant point Bessel’s observations 
of Halley’s comet conducted him to a similar conclusion. "When the 
comet was examined with a low magnifying power, there, appeared vnthin 
it a bright nucleus of measurable dimensions, hut when a higher power 
was applied to the telescope, no such phenomenon was any longer per¬ 
ceptible §. 

It would seem from the observations of astronomers, that any indication 
of a solid substance presented by cometary bodies is invariably dispelled 
when the comet is examined wnth a magnifying power adequate to disclose 
its nebulous structure. A decisive test of the real nature of the nucleus 
of ^cornet would be afforded, by an observation of its transit over a star. 
Phenomena of this kind are of very rare occurrence; hut instances have 
been mentioned by astronomers which go to support the opinion that^the 
nucleus of a comet is composed of a solid substance. Messier has stated, 
that on the 18th of August, 1774, while engaged in observing the comet 

* Phil. Trans., 1812, p. 121. f Phil. Trans., 1812, p. 123. 

i(r Mem. Ast. Soc., vol. ii., p. 486, et seq. 

§ Connaissance des Temps, 1840, Addit., p. 81. 
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wliich Montaigne had recently discovered, he perceived a very small star 
near it, and that after the lapse of about four hours another star became 
visible in its vicinity. He remarked that the circumstance of the one 
star being seen before the other could not be accounted for by supposing 
the second star to have been originally obscured by the glare of the moon’s 
light, since it was equally bright with the first, and he, therefore, came to 
the conclusion that it must have been actually hid behind the solid nu¬ 
cleus of the comet =*=. Wartmann has also mentioned that in the year 1838 
he witnessed'the extinction of the light of a star of the eighth magnitude 
by the passage of Encke’s comet over it. Neither of these observations 
have been deemed sufficiently trustworthy to warrant the conclusion that 
the nucleus of a comet is in any instance a real indication of a solid body. 
On the other hand, there is no decisive proof that the nucleus is wholly of 
nebulous structure, for in all those cases that have been cited to demon¬ 
strate the extreme tenuity of cometic matter, there has either been no ap¬ 
pearance of a nucleus at all, or the comet has not passed centrally over the 
celestial body. Bessel is of opinion that until some unequivocal transit of 
the nucleus of a comet over a star be observed, it will be impossible to 
arrive at any positive conclusion respecting its physical structure f. 

Attempts have been made to determine the absolute magnitude of the 
nucleus of a comet by the measurement of its apparent diameter. In 
this manner Schroeter found that the nucleus of the comet of 1Y99 had a 
diameter of 373 miles. Sir William BCerschel, by a similar process, found 
that the nucleus of the comet of 1807 had a diameter of 538 miles. The 
same astronomer computed that the nucleus of the second comet of 1811 
measured 3637 miles in diameter. These results are very uncertain, 
in consequence of the smallness of the angles which the nuclei of comets 
usually subtend; moreover, the phenomenon of a nucleus ruay be wholly 
illusory, as certain observations already cited would seem to indicate. 

It has been stated that the tail of a comet usually appears as an exten¬ 
sion, of the nebulosity enveloping the head. The two luminous streams 
composing it continue to appear quite distinct even at some distance from 
the head, but towards their extremities they gradually become confounded 
together by means of scattered light pervading the space between them. 
An attentive examination of the appearance presented by the tail of the 
comet of 1811, during the period of its visibility, led Sir William 
Herschel to a conclusion respecting its structure, analogous to that which 
corresponding observations of the envelope had suggested to him. Ho 
found, in fact, that the two luminous streams proceeding from tho op¬ 
posite sides of the envelope continued to form the bounding sides of tho 
tail in every position in which the comet was viewed. This is the con¬ 
sequence that would ensue if the tail had been in reality composed of 
a hollow cone of matter attached at its narrower extremity to tho hemi¬ 
spherical envelope; for the line of vision, being a tangent at the sides, 
traversed a much greater depth of matter than towards the middle, 
where it was perpendicular to the surface of the cone. 

The direction in which the tail extends relatively to the head is gene¬ 
rally opposite to that in which the sun is situated. Appian is the first of 
European astronomers who remarked this fact, having been led to its 
discovery by his observations of the comet of 1531, and of four other 

* M4m. Acad, des Sciences, 1775, p. 446. 

t Gonnaissance des Temps, 1840, Addit., p. 98. 
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comets wliich. appeared between 15^1 and 1539. Strictly speaking, in¬ 
deed, tile axis of tke tail does not coincide exactly with, the prolongation of 
the line joining the sun and the comet. It generally inclines towards the 
region in which the comet has been recently moving, and as the inclina¬ 
tion increases with the distance from the head, it will necessarily exhibit 
a slight Curvature. This deviation of the tail from a rectilinear direction 
is more especially remarkable when the comet is near the perihelion. It 
has been generally found, also, that the tail appears brighter and better 
defined on the conyex or preceding side, than it does on the opposite 
side . 

Although Appian has undoubtedly the merit of being the first of Euro¬ 
pean astronomers who discovered that the direction of the tails of comets 
is usually opposite to that of the sun, it appears from the researches of the 
late M. Ed. Biot, that the same fact was known to the Chinese astronomers 
at a mnoh earlier date* In the annals of the Dynasty of Thong, which 
reigned in China between the years 618 and 907 of the Christian era, 
there is an account of a comet which appeared on the 22nd of March, 837, 
and the following days. The account concludes with this remark, “ In 
general when a comet (literally a broom) appears in the morning, the tail 
extends towards the west; when it appears in the evening it extends 
towards the east. This is a constant rule.” f 

Comets have occasionally been observed, the tails of which have been 
characterised by remarkable peculiarities; Chesaux states, that the comet 
of 1744: had six tails "spread out in the form of an immense fan. Accord¬ 
ing to IBessel, the comet of 1807 had two tails, one making an angle of 8° 
with the prolongation of the radius vector; the other, which was fainter, 
making an angle of 29® with it. The comet which appeared towards the 
close of 1823 had two tails, one extending in the usual direction, the 
other turned almost towards the sun. Lateral tails have also been occa¬ 
sionally seen. Thus, during the first three days of March, the great 
comet of 1 843 was observed at Chili to have a lateral tail issuing from the 
original one at a distance of 10° from the head, and extending to a much 
greater length than the other |. 

The tails of comets frequently exhibit an imposing aspect in conse¬ 
quence of their immense apparent lengths. According to Longomontanus, 
the great comet of 1618 extended over an arc of the heavens equal to 
104°. The tail of the comet of 1680 measured 90° at Constantinople. 
Chesanx states that the six tails of the comet of 1744 varied in length 
from 30° to 44°. According to Pingre, the tail of the comet of 1769 
appeared. 97° long in tropical countries. The tail of .the comet of 1843 
was observed, under the same favourable circumstances, to extend over 
an arc of 65°. 

It is to be remarked that the foregoing measures cannot he considered 
as possessing the character of definitive results. The tail of a comet is, 
in fact, found to vary in apparent length in different climates, indicating 
thereby that its aspect depends, to a certain extent, on the state of the 

^ This phenomenon appears to have been first remarked in the great comet of 1618. 
Wendelin, in a passage cited by Hevelius, describes it with great perspicuity in the fol¬ 
lowing terms:—“Cauda pro motu capitis tracta, instar cornu incurvabatur modicd, 
atque ad earn partem qua findebat sibi setherem pland glabra densior erat ac compactior; 
retro vero solutior ac villosior.” ( Cometographia, p. 455.) 

'f' Comptes Rendus des Sciences, tome xvi., p. 751. 

J Ibid., tome xvii., p. 362. 
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atmosplaere through, which it is viewed. Thus, at Paris, the tail of the 
comet of 1680 was 63° long; at Constantinople it was 90°. The tail of 
the comet of 1769 was 43° long at London on the 9th of September. On 
the same day it was 55® long at Paris; at the Isle of Bourbon it was 60®; 
at Teneriffe it was 76°. On the 11th of September it was 90° at sea; at 
the Isle of Bourbon it was 97°The tail of the comet of 1843 did not 
measure more than 40° in England or France; in tropical countries it was 
found to extend over an arc of 65°. 

The absolute lengths of the tails of some comets are still more calcu¬ 
lated to excite surprise than their apparent lengths. The tail of the great 
comet of 1680 was 96 millions of miles long. The tail of the comet of 
1769 had an absolute length of 38 millions of miles. According to 
ECerschel, the tail of the comet of 1811* must have been more than 100 
millions of miles long on the I5th of October. The tail of the comet of 
1843 attained a length of 150 millions of miles. 

The apparent breadth of the tail of a comet seldom exceeds a few 
degrees. Each of the six tails of the comet of 1744 was 4° broad. The 
tail of the comet of 1811 was found by Herschel, on the 13th of October, 
to have a maximum breadth of 6° 45'. Small as these measures may 
appear to be, they indicate absolute dimensions of very considerable mag¬ 
nitude. Thus Herschel found that, on the 13th of October, the greatest 
annular section of the tail of the comet of 1811 had an absolute diameter 
of 15, millions of miles f. 

It is obvious, from the foregoing results, that the volumes of the tails of 
comets must be enormous. Nor is there any difficulty in accounting for 
such vast emanations from the comparatively small dimensions of the 
head, for such is the excessive tenuity of the substance composing the tail 
of a comet, that a very small quantity of matter would suffice for its pro¬ 
duction. Newton, with the view of illnshating this point, calculated that 
if a globe of common atmospheric air, one inch in diameter, was expanded 
so as to have an equal degree of rarity with the air situated at an elevation 
above the earth’s surface equal to the earth’s semi-diameter, it would fill 
the whole planetary regions as far as the sphere of Saturn, and would even 
extend a great deal farther t. 

The phenomena exhibited by one of the more conspicuous comets during 
the period of its apparition afford unequivocal indications of the powerful 
influence exercised by the sun upon the physical constitution of these 
bodies. When a comet first becomes visible previous to its passage of tho 
perihelion, it usually presents the appearance of a pale iiebulous body with 
a point more or less bright in the centre, but without any trace of coma or 
tail. As it continues to approach the sun the nebulosity becomes more 
apparent, and the head exhibits an increased degree of brightness, on tho 
side which is turned towards the sun, subject, however, to variations of an 
exceedingly irregular character. The tail at the same time comes into 
view, and gradually increases in length. After the passage of the peri¬ 
helion, the same succession of changes occurs in a reverse order, the comet 
finally assuming the appearance presented by it when it first became 
Visible, and soon afterwards vanishing altogether from observation. The 
phenomena witnessed on the occasion of the last apparition of Halley’s 
comqt, both before and after the passage of the perihelion, are highly 

* Com4togmphie, tome ii., p. 194- ^ Phil. Trans., 1812, p. 124. 

t lib. iii., prop. 41. 
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iEterestirag Hfii. SEggestive. Previous to the 52ud of October, 1835, the 
comet presented merely a round nebulous disk, v?ith a faint nucleus in the 
centre. When observed by Pessel on the evening of that day, the nucleus 
was found to have suddenly acquired a high degree of brilliancy, and from 
it there appeared to issue, on the side towards the sun, a cone of light 
which, after extending to a short distance from the head, was observed to 
curl backwards, as if impelled by a force of great intensity directed from 
the sun. This outstreaming cone continued to be visible, in the form of 
a luminous sector of a circle, until the ^Snd of October. When observed 
from night to night it was found to vary constantly in magnitude and 
brightness. The direction of the axis of the cone was also variable. 
Bessel discovered, by a strict analytical investigation, founded on its 
observed positions^ that it osoillated to and fro on each side of the line 
joining the comet and the sun. These oscillations were generally very 
rapid, the lapse of a few hours in some instances sufficing to render them 
sensible. It is a remarkable fact, that the night on which these inte¬ 
resting phenomena first manifested themselves, was also signalized by the 
commencement of the tail of the comet. It is impossible to doubt that 
this appendage derived its origin from the nebulous matter which had 
been in the first instance raised from the head by a force directed to the 
sun, and was subsequently impelled by a powerful force in the opposite 
direction. While these curious phenomena were in course of being 
developed, the nucleus of the comet exhibited great variations of hr|ght- 
ness. On the 13th of October it presented to Bessel a measurable 
diameter, when observed with a magnifying power of it did not 

even lose its planetary aspect until a power of 390° was applied. On the 
14th it suddenly became much fainter. With a power of only 90° it lost 
the appearance of a solid body *. 

When the comet was observed by Sir John Herschel at the Cape of 
Good Hope, after its passage of the perihelion, the appearance presented 
by it was totally different from what it had been a few months previously. 
T^hen examined through a telescope on the 35 th of January, it did not 
exhibit any trace of a tail, but simply resembled a round nebulous body 
about 3' in diameter, surrounded by a coma of great extent. Within the 
disk there appeared a small bright point, in a position somewhat eccentric, 
from which there issued towards the circumference, in the direction opposite 
to that of the sun, a ray of highly condensed light. The comet, in fact, 
seemed to contain within it another miniature comet, having a nucleus, 
head, and tail of its own, perfectly distinct from the surrounding nebu¬ 
losity f. As the comet receded from the sun the head began to dilate, 

* Connaissance des Temps, 1840, Addit., p. 83, 

f A similar appearance was remarked in the great comet of 1618. The following 
account of it, extracted from Kepler’s “ Treatise on Comets,” may, perhaps, not prove 
uninteresting to the reader:—“ Et quid prohat evidentius eundem efiduxum caudse a 
capita, qu^m illud mirabile, qudd ut in cometa anni 1618, nucleus quidam, interior, 
solidior, et luminosior; sic in cauda radius singularis, specie medullae in arbore, A Romanis 
inter initia in medio, a me et Schiekardo posterioribus diebus ad alterum latus, est obser- 
vatus; quasi ut tota cauda toto capite, sic ilia conspieua pars caudse a conspicuo capitis 
nucleo de lapsa sit (JDc Cometis, p. 103). The above description presents a remarkable 
agreement in several points wdth Sir John Herschel’s account of the curious phenomenon 
witnessed by him in Halley’s comet. From the circumstance of the nuclear ray having 
been seen by Kepler towards one of the sides, instead of in the middle, as at Rome, 
Pingre seems disposed to believe that it was no other than the ordinary luminous edge of 
the comet’s tail. Without insisting, as an objection to this conclusion, that there was 
only one ray visible, it is* evident, from Kepler’s remark respecting the direct emanation of 
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wMle at tlie same time its light grew fainter; also, in consequence of suc- 
cessiye additions to its length, it gradually assumed the form of a section 
of a paraboloid. The head, or rather the paraboloidal envelope, continued 
to enlarge with extraordinary rapidity, maintaining all the while the utmost 
regularity of form and sharpness of outline. At the same time it gradually 
diminished in brightness, until at length it disappeared simply from want of 
light to rehder it visible. In the direction of the axis of the paraboloid a faint 
elongation finally appeared, indicative of a tail; but no decided manifesta¬ 
tion of such an appendage was witnessed on any occasion subsequent to the 
passage of the perihelion. The nuclear ray continued to emit the same 
vivid light, increasing in length and constantly maintaining a position 
coincident with the axis of the paraboloid, until, after some time, it 
gradually grew fainter, and finally ceased to be visible. The nucleus, on 
the other hand, which at fiirst did not seem to undergo any change, ulti¬ 
mately exhibited a decided increase of relative brightness. When the 
comet was last seen, on the 6th of May, 1830, it presented exactly the 
same aspect as it did when it first became visible in the month of August 
of the previous year. 

Phenomena more or less resembling those above described have been 
found to manifest themselves on the occasion of the passage of all great 
comets through their perihelia. It seems to be pretty well established, 
that the more tumultuous changes usually take place during the i)eriod 
when the comet is approaching the sun. Those which occur after the 
passage of the perihelion appear to be of a more quiescent nature, indi¬ 
cating the gradual relapse of the body into the condition in which it was 
when originally seen after returning from aphelion. This circumstance 
clearly points to the sun as the exciting cause of these wonderful 
changes in the constitution of comets, whatever be the nature of the forces 
which are called into operation by his agency. Sometimes, indeed, pheno¬ 
mena of a rapidly filuctuating character are observed a little a^ter the 
passage of the perihelion. Such was the case with respect to the comet 
of 1799, according to Schroeter. This comet passed its perihelion on the 
7th of September. Nothing unusual in its appearance was remarked 
until the 16th of that month, when Schroeter perceived that the nucleus 
was suddenly reduced to two-thirds of its former size. Between the 20th 
and 21st of the same month, the surrounding nebulosity had diminished 
to the extent of one-fourth. On the 22nd the nucleus burst out with 
renewed splendour, and continued to exhibit the same brilliant appearance 
until the 25th, when it again became extremely faint. The fact of these 
changes occurring after the comet had passed its perihelion is, doubtless, 
to be ascribed in some degree to the peculiar constitution of the comet, 
which may have rendered it less susceptible to the influenco of the sun 
than is usually the case ; but more especially to the circumstance that the 
accumulated effect of the sun’s action may naturally be supposed not to 
have attained its maximum until a little after the comet had begun to 
recede from the sun. 

It has been stated that the paraboloidal envelope of Halley’s comet was 

Ae ray from the nucleus, that the phenomenon was one of a totally different nature. 
It is worthy of notice that the ray was first seen on the 30th of November, 1618. Its 
appear^ce w^, ^erefore, subsequent to the comet’s passage of the perihelion, which, 
accordi^ to Halley, took place on the 8th of the same month. Here, then, is another 

of re^mplance between the phenomenon and the appearance of Halley’s comet in 
the early part of the year 1836. ^ 
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observed to increase rapidly in dimensions after the passage of tliyperi- 
belion. A similar enlargement of the comet of 1655^ was found by Meve- 
lius to take place as it continued to recede from the sun. According to 
the calculations of that astronomer, the linear diameter of the cornet had 
increased, between December ‘^0 and January in the proportion oi 
1 to 34*. He mentions that when it was about to disappear it almost 

equalled the sun in absolute magnitude. ^ ^ i 

The curious fact of a comet swelling out in dimensions_ as it contmued 
to recede from the sun, did not escape the attention of Newton. Whi e 
admitting it to be true, upon the authority of Hevelius, he remarked, on 
the other hand, that comets diminish in volume in the course oi their 
approach to the sun, attaining their minimum dimensions ^ little after the 
passage of the perihelion. Thus the comet of 1680, in the month oi 
November, appeared like a star of the first or second magnitude , but in 
the following month it did not exceedL a star of the third magnitude f. 

The interesting fact of a variation of the absolute magnitude of a comet 
depending on its distance from the sun, does not appear to have attracts^ 
any attention for a long time after the publication of the Principia. Pmgre, 
in his great work on Comets, denies the truth of Hevelius statement respect¬ 
ing the enlargement of the comet of 1653 in the course of its recess from the 
suh, upon the ground that the observations of the comet, when rightly inter¬ 
preted, do not lead to such a conclusion^. On the other hand, he appears 
disposed to admit that comets diminish in volume as they approach the sun§. 
Both the alleged diminution previous to the passage of the perihelion, and 
the subsequent.enlargement, have been confirmed by the observations of mo¬ 
dern astronomers. hi. Struve established beyond doubt, by a series of micro- 
metrical measures, that Encke’s comet continually diminished in volume as it 
approached the sun, on the occasion of its passage of the perihelion towards 
the close of the year 1838. On the 38th of October, when the distance 
of the comet from the sun was 1.4617, the diameter of the head was 79.4. 
On the 34th of December, when the comet had arrived in perihelion, and 
the distance was only 0.5419, the diameter of the head was 3.1 |1. The 
comet, therefore, during the intermediate period, had diminished in linear 
dimensions in the ratio of 36 to 1, and consequently it had collapsed into 
about the sixteen-thousandth part of its original volume. Sir John Her- 
schel’s observations of Halley’s comet are equally conclusive with respect 
to an enlargement of volume having taken place simultaneously with the 
recess of the comet from the sun. During the interval embraced between 
the 35th of January, 1836, and the 1st of the following February, the 
volume of the comet was found by that astronomer to have increased in 
the proportion of 1 to 41.605 IT. The different explanations which have 
been advanced of the variation of a comet’s volume depending on its dis¬ 
tance from the sun will be noticed presently. 

Since comets in some instances approach nearer the sun than any of the 
planets, they experience a degree of heat during their passage of the perihe¬ 
lion of which it is difiScult to form an adequate conception. Newton calcu¬ 
lated that the great comet of 1680, when passing through its perihelion, was 
subjected to a heat 3000 times greater than that of red-hot iron. The comet 
of 1843, which approached still nearer the sun, must have been exposed to 
a heat of even greater intensity. Sir John Herschel has computed that the 

* Cometographia, p. 331. f Principia, lib. iii., prop. 41. 

J Cometographie, tome i., p. 125. § Ibid., tome ii., p. 193. 11 Annuaire, 1832. 

^ Results of Astronomical Observations at the Cape of Good Hope, p. 404, 
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heat received by its surface duriug the passage of the perihelion "was 
equal to that ■which ■would be received by an equal portion of the earth’s 
surface, if it were exposed to the influence 4?f 47,000 suns, placed at the 
common distance of the actual sun. He has also shown that the heat 
to which the comet was subjected on the same occasion must have ex¬ 
ceeded the heat concentx'ated in the focus of Perkins’ great lens in the 
proportion of 24 J to 1; although the heat in the latter instance was so 
great as to have melted carnelian, agate, and rock crystal ’i*! It is not easy 
to conceive how a flimsy substance such as that of which a comet appears 
to he composed, can effectually resist such an intense heat so as not 
to be dissipated in space. The ingenious views of Paplace on this point 
will be mentioned when we come to speak of the various hypotheses which 
have been advanced relative to the physical constitution of comets. 

A signal manifestation of the influence of the sun is sometimes afforded 
by the breaking up of a comet into two or more separate parts on the occa¬ 
sion of its approach to the perihelion. Seueca relates that Ephorus, an 
ancient Greek author, makes mention of a comet which, before vanishing, 
was seen to divide itself into two distinct bodies The Homan philoso¬ 
pher appears to doubt the possibility of sucb a fact; but Kepler, with cha¬ 
racteristic sagacity, has remarked that its actual occurrence was exceedingly 
probable t- The latter astronomer further remarked that there were some 
grounds for supposing" that two comets, which appeared in the same re¬ 
gion of the heavens in the year 1018, were the fragments of a comet that 
had experienced a similar dissolution. Hevelius states that Cysatus per¬ 
ceived in the head of the great comet of 1618 unequivocal symptoms of a 
breaking up of the body into distinct fragments. The comet, when first 
seen in the month of November, appeared like a round mass of concen¬ 
trated light. On the 8th of December it seemed to be divided into several 
parts. On the 20th of the same month it resembled a multitude of small 
stars §. Hevelius states that he himself witnessed a similar appearance in 
the head of the comet of 1661 |1- 

The foregoing statements respecting the dissolution of comets cannot 
be admitted without a certain degree of reserve, in consequence of the 
imperfect nature of astronomical observation in early times. The case is 
different with respect to Biela’s comet, which was observed to separate itself 
into two parts on the occasion of its approach to perihelion in 1846. The 
circumstances relating to this remarkable event have been already alluded 
to in a former chapter IT. It is imj)ossible to doubt that it arose from tlie 
divelleiit action of the sun, \Yhatever may have been the mode of ope¬ 
ration. 

The developement of the tail of a comet is usually regulated by tlio 
changes which occur in the head and nucleus. Its formation generally 
commences when the comet is descending towards the sun, but in most 
instances it does not acquire its greatest length, nor does it shine with its 
full splendour, until a little after the passage of the perihelion. This is 
■what might naturally be expected, if the sun be supposed to bo the prin¬ 
cipal agent in the j)i’oduction of the tail. The following account of the 
par^ress of the tail of the great comet of 1G80 is extracted from Newton’s 
Hrmpipm. This comet passed its perihelion on the 8th of December. On 
■%#, §1^ of November it exhibited the aspect of a round nebulous body. 

^ %ilfcaes of Astronomy, p. 370. f Queest. JSTat., lib. vli., cap. xvi. 

t p. 50. § Cometographia, p. 343. 

CoataCtegtapbia, 417. ^ See p. 136. 
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Oil the 11th the tail just hecame visible. When observed through a ten- 
feet telescope it appeared half a degree long. On the 17th it was observed 
at Rome to be more than 15° in length. On the 18th it appeared 80° long 
in New Rngland. On the I2th of December it was observed at Rom© to 
be 70° long. On the 5th of January its length was found by Newton to 
be 40°, On the 25th it measured only 6° or 7°, and appeared very faint. 
On the 10th of February it was only 2° long. On the 25 th the comet was 
seen without a tail, aud shortly afterwards disappeared entirely from 
obeervatiQn. 

The following account of the progress of the tail of the great comet of 
1 769 will afford a still more striking illustration of the agency of the sun 
in the developement of these singular appendages, inasmuch as all the 
observations of the comet were made at the same place and by the same, 
individnal. On the 8th of August, 1769, Messier, ’while engaged in explor¬ 
ing the heavens with a two-feet telescope, perceived a round nebulous 
body which turned out to be a comet. On the 15th of the same month 
the tail became visible to the naked eye, and appeared to be about 6° in 
length. On the 28th it measured 15°. On the 2nd of September it was 
86 ° long. On the 6th it was 49°. On the 10th it was 60°. The comet 
having now plunged into the rays of the sun, ceased to be visible, On the 
8 th of October its passage of the perihelion took place. On the 24th of 
the same month it reappeared, after emerging from the rays of the sun. 
The tail now measured only 2° in length.^ On the 1st of November it 
measured 6°. On the 8th of the same month it was only 2|^° long. On 
the 30th it measured li-°. The comet henceforward ceased to be visible*. 

Sometimes the luminous streams which form the bounding sides of the 
tail of a comet appear to undergo variations in their length of considerable 
rapidity and magnitude. Phenomena of this nature were noticed by Rer- 
schel in tbe tail of the comet of 1811. He suspected that they arose from 
a rotatory motion of the tail, which caused its different parts to be trans¬ 
ported in succession to the apparent sides, wdience, by supposing the hollow 
cone of which it was composed to be irregularly terminated, a succession 
of apparent changes would take place, resembling those actually perceived. 
Similar variations, indicative of a rotatory motion, were also witnessed in 
the tail of the comet of 1825, by Mr. Dunlop, at Paramatta. 

Phenomena of a still more fleeting and irregular nature are alleged to 
have been observed in the tails of comets. Kepler states that the tail of 
the comet of 1607, which atone time appeared short, would, in the twink¬ 
ling of an eye, become very longf. According to Cysatus, the tail of the 
comet of 1618 exhibited undulations, as if it had been agitated by the wind. 
Hevelius has mentioned that he perceived similar undulations in the tails 
of the comets of 1652 and 1661 ; and Pingre has still more recently 
asserted the same thing with respect to the comet of 1769. To this class 
of phenomena may be referred a remarkable appearance witnessed in the 
great comet of 1843. On the 11th of March Mr. Clerihew, who observed 
the comet at Calcutta, found that since the previous evening it had darted 
forth a new tail, nearly twice as long as the original one, and forming with 
it an angle of 18°. This supplementary tail was not seen on any other 
night during the visibility of the comet. 

Before attempting to describe the various hypotheses that have been 
formed respecting the physical constitution of comets, it may not be out 


* M^ra. Acad, des Sciences, 1775, p. 392, et scq. 


d De Cometis, j), 102. 
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of place to give a brief account, by way of illustration, of some of the more 
remarkable apparitions of bodies of this class which have been recorded in 
history. 

Diodorus Siculus has stated that in the first year of the lOSnd Olym¬ 
piad (or the year 871 a.o.) there appeared in the heavens a train of light 
of extraordinary splendour. This remarkable phenomenon was believed to 
have presaged the destruction of the Achaian cities Helix and Buris. Aris¬ 
totle alludes to the same comet in his treatise on Meteors. lie says that 
on the first night the head was not seen, having been too near tbe sun. 
On the second night it had removed a little from the sun, and was visible 
for a short time in the evening. After it set the tail was still seen as a 
brilliant train of light, extending over a third of the heavens, or, in other 
-words, over an arc of 60°. 

Tn the year 43 a.o., during the celebration of the games in honour of 
Venus, there appeared a comet at Rome, which could be discerned before 
sunset. This celestial prodigy continued to be visible for eight successive 
days. The poets flattered Augustus with the belief that it was the 
departed soul of his great relative Julius Caesar, who had been recently 
assassinated. It has been already mentioned that Halley suspected this 
to be> an apparition of the great comet of 1680. 

In the year 1106, a.d., there appeared a magnificent comet, which was 
visible over all Europe. Matthew Paris says that it was seen at a distance 
of only one cubit from the sun. It is easy to conclude from this remark 
that the comet was visible in the daytime. The head was small and 
obscui'e, but the tail is stated by various writers to have beeii an object of 
terrific splendour, which was seen like a fiery beam stretching from the 
west towards the north-east r-egions of the heavens. This is also believed 
to have been an apparition of the comet of 1680. 

In the summer of 1264 a groat comet appeared, which is mentioned by 
almost every contemporary historian of Europe. An account of it is also 
contained in the Chinese Annals, which presents a satisfactory agreement 
with the statements of the western writers respecting it. This magnificent 
comet is said to have been accompanied by a tail 100° long. It was gene¬ 
rally believed that the object of its apparition was to announce the death 
of Pope Ui'ban IV., who expired in the following October. Wo have 
already mentioned that this comet is supposed to be identical with a comet 
which appeared in 1556, and that its return in the present day is expected 
with a considerable degree of confidence by astronomers. 

The year 1402 was distinguished by the appearance of two of the most 
splendid comets recorded in history. The first became visible aboxit the 
middle of February. As it continued to approach the sun it increased in 
magnitude and splendour, until at length, towards the end of Mai'ch, it 
became visible in broad daylight. The tail when first seen was short, but 
it increased with great rapidity, and ultimately exhibited an immense 
apparent length. 

The second comet of 1402 appeared in the month of June. It was ob¬ 
served in Itaty, Germany, and the countries of the East. Dike the first 
comet of the same year, it was visible in the daytime. After sunset the 
tail was seen extending from the horizon to the zenith. It is said to have 
been so bright as to have eclipsed the light of the stars, but this is a mani¬ 
fest exaggeration. 

In the year 1456 there appeared a magnificent comet, which was visible 
over all the countries of Europe. The tail is stated to have been 60° long. 
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This comet spread universal consternation, in consequence of its apparition 
being simultaneous with the capture of Constantinople by the Turl<ish 
army. In order to ward oif the evil consequences which might ensue from 
its influence. Pope Calixtus II. ordered prayers to be offered up in all 
the Western churches. He also issued a bull, in which he anathematized 
both the Turks and the comet. It is hardly necessary to state that while 
the followers of the crescent did not fail to acquire permanent possession 
of the ancient capital of the Eastern Empire, notwithstanding the means 
that were employed by the Papal Church to arrest their progress, so in like 
manner the comet continued with the same tranquillity as formerly to pur¬ 
sue its patli throughout the heavens. This is now known to have been an 
apparition of the famous comet of Halley. 

According to Cardan, a comet which appeared in 1533 was seen by the 
inhabitants of Milan in full sunshine. This comet is supposed to be iden¬ 
tical with one of those which appeared in 1403, and also with a comet 
which subsequently became visible in 1661. 

The comet of 1577 was one of the most conspicuous of modeini times. 
It was first seen by Tycho JBrahe before sunset, as he was returning home 
after taking some fish out of a pond. This cornet is remarkable for being 
the first that w'as demonstrated to revolve beyond the moon’s orbit. 

The seventeenth century is peculiarly fertile in great comets. It was 
distinguished by two apparitions of Halley’s comet, namely, those of 1607 
and 1683. The third comet of 1618 was one of the most splendid of 
modern times. Its more remarkable features have been already mentioned. 
The comet of 1653 is said by Hevelius to have been of such magnitude as 
to have resembled the moon when half full; only it shone with a pale 
and dismal light. This comet is otherwise interesting to the astronomer 
oh account of the minuteness with which the various phenomena rolatiirg 
to it have been described by the assiduous observer just moutionod. An 
account has already been given of the huge cornet of 1608, wdiicb was seen 
in the countries of the south of ICurope and in Brazil. The comet of 1 OHO 
is memorahle for the magnificent tail by which it was acconipanicd ; for its 
near approacli to tire sun; but above all, for liaving furnished tlio data l)y 
means of which the immortal Nowton sncceedod in demonstrating tluit 
comets are guided in their movements by the same principlo as that 
which controls the x^anets in their orbits. The comet of 1680, which 
was visible only in southern countries, had a tail 68® long. It has been 
already mentioned that there exist good grounds for believing it to have 
been identical with the great comet of 1843. 

Although the eighteenth century is less prolific in apparitions of great 
comets than, that immediately preceding, it is notwithstanding distin- 
guislied by two of the most remarkable recorded in history. The comet of 
1744 is one of the few comets which have been seen in full sunshine. On 
the 1st of February it appeared more brilliant than Sirius. On the 8th it 
equalled Jupiter. On the 1st of Mai’ch it was visible to the naked eye at 
one o’clock in the afternoon, five hours only having then elapsed since its 
passage of the x^Gi^ih^ilion. The singular ax)pearance of the tail of this 
comet has been already mentioned- The comet of 1769 is especially me¬ 
morable for the immense tail by which it was accompanied. 

The first comet of 1811 was one of the most consx^icuous of the x'>rosent 
century. It is especially remarkable for the length of time during which 
it continued to bo visible. The comet of 1843, to which allusion has hee“ 
so frequently made, was in many respects one of the most remarkabB 
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modern times. Like a few other comets, it was visible in broad daylight. 
At noon on the Q8th of February it was distinctly seen without the aid of 
glasses, by numerous persons congregated in the streets of the city of Bologna 
in Italy. It then appeared to the east of the sun, at a distance from his disk 
of Ebout two diametbrs. On the same day it was seen under similar cir¬ 
cumstances, in various parts of the world. When it had sufl&ciently extricated 
itself from the rays of the sun to be visible in the evening, it appeared with 
extraordinary magnificence, especially in tropical countries. The head 
was very conspicuous, but the most striking part of the comet was the tail, 
which resembled an immense beam of light, extending over an arc of 60° 
or ‘7'0°. Unfavourable weather prevented this magnificent comet from 
being visible in England or any of the northern countries of Europe previous 
to the 17th of March. On the evening of that day, a little after sunset, 
the tail became visible in the western horizon, but the head had already 
set. On the following evening the whole of the comet was seen. The 
head was small, but the tail was a brilliant object, extending over an arc 
of the heavens of about 40°. It continued to appear with great splendour 
on the following evenings, but it rapidly grew fainter, and finally disap¬ 
peared altogether from observation about the beginning of ApriP. It has 
been already mentioned that this comet is remarkable for having approached 
nearer the sun than any other comet recorded in history. 

It now remains to give some account of the various hypotheses that have 
been formed respecting tbe physical constitution of comets, and of the 
explanations that have been founded upon them, of the more prominent 
phenomena exhibited by these bodies. Although Tycho Brahe, by prov¬ 
ing that comets traverse the regions beyond the moon’s orbit, transferred 
them from the category of substances generated in the terrestrial atmo¬ 
sphere, he still left the question undecided whether they are bodies 
forming permanent members of the solar system, or whether they are 
mere masses of vapour, liable to be dissipated into space by the action of 
the sun or any other similar body near which they happen to pass in 
the course of their erratic movements. That comets are either wholly or 
pa:^ally composed of a gaseous substance, appears to he adniitted by every 
philosopher who has sought to arrive at some definitive conclusion respocjtmg 
their physical Structure. Kepler supposed them to be bodies of transient 
duration, which spin out their fleeting' existence by a process of evapora¬ 
tion conducted through the medium of their tails. Newton, on the other 
hand, was of opinion that comets are composed of a partially solid, sub¬ 
stance.^ He imagined that the matter susceptible of evaporation forms an 
extensive atmosphere round the comet, which is gradually dissipated into 
space by the action of the solar heat, the vaporised particles, as in Kepler’s 
theory, occasioning the appendage of the tail in the course of their recess 
from the head. According to another hypothesis, the nebulous matter thus 
raosed from the comet is not wholly projected into space, the greater por¬ 
tion beii^ again precipitated upon the head, in consequence of the dimi¬ 
nution of temperature which takes place during the comet’s recess from 
the sun. 

It h^ been ^ready mentioned that the assertion of Hevelius, respecting 
toe ^anatmn of the volume of comets depending on their distance from 
an, as been confirmed to a certain extent by the observations of 
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modern astronomers. Newton’s tlieorj of tlie prqjection of tlio cometic 
atmosphere into the tail,' and its subsequent dispersion into space, suffi¬ 
ciently accounts for the di m inution of volume previous to the passage of 
the perihelion*; but it is difficult to explain by the same theory the enlarge¬ 
ment observed to take place during the comet’s recess from the sun. It 
was probably with a view to obviate this difficulty that he threw out the 
conjecture of the comet being enveloped in a dense smoke during its pas¬ 
sage of the perihelion, arising from the intense heat to which it was then 
exposed. The presence of such a smoke would cause the comet to appear 
less in perihelion than it really was; while its gradually less abundant 
emission as the comet continued to recede from the sun would give rise to 
an apparent enlargement of volume. It is hardly necessary to state that 
this is a mere surmise to which no importance can be attached as an expla¬ 
nation of a fact established by accurate observation. M. Valz hae recently 
attempted to account for the diminution of the volumes of comets on 
approaching the sun, and their subsequent enlargement, by the compres¬ 
sion which they undergo in the course of traversing the solar atmosphere. 
This view of the origin of the phenomenon necessarily implies that the 
comet is absolutely impermeable to the highly-attenuated tluid through 
which it is assumed to revolve, a condition which is utterly incompatible 
with all that observation has revealed to us respecting tlie structure of 
these bodies. A more probable explanation has l>een suggested by Sir 
John Hersohel. According to that astronomer, as the comet approaches 
the perihelion the actipn of the solar heat will be constantly transforming 
the nebulous matter of wMoh it is composed into the condition of a trans¬ 
parent invisible gas ; and as this process necessarily commences at the 
exterior of the nebulosity, where the solar rays impinge, the immediate 
consequence will be a diminution of the volume of the comet. After the 
passage of the perihelion, the radiation of heat from the surface of the 
more condensed portion of the comet will not be sufficiently compensated by 
the solar heat, and the diminution of temperature hence arising will occa¬ 
sion a precipitation on the sux-face of the nebulous matter suspended in a 
gaseous state in the atmosphere of the comet. This precipitation of 
nebulous matter will continue to go on undei' the inlluence of the cooling 
process occasioned by the increasing distance of the comet from the sun, 
and the manifest result will be a rapid enlargement of the visible dimen¬ 
sions of the comet. According to the laws of equilibiuum the lighter par¬ 
ticles of the precipitated vapour will arrange themselves so as to form the 
superior stratum of the enveloping nebulosity of the comet. It is evi¬ 
dent also that as this bounding stratum continues to diminish in density 
it will attain a higher and higher elevation, while at the same time its 
increased tenuity will cause it to assume a more and more filmy aspect 
This view of the physical condition of the nebulosity of a comet subsequent 
to the passage of the perihelion has received a strong confirmation from 
the observations of Halley’s comet by Sir John Hersohel, who found that 
simultaneously with the increase of its dimensions the envelope continually 
grew fainter, until at length fi'om this cause alone it ceased to be visible. 

According to the above theory the growing faintness of the envelope is, 
in a great degree, occasioned by the gradual absorption of the va.porous 
matter composing it, into the nucleus of the comet. This was cleaily 
indicated in the case of Halley’s comet by the brilliant appearance of the 

Mem. Ast. Soc., vol. vi., p. 99, ct scq. 
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nuclear ray daring the earlier observations of the comet, and the increase 
of relative brightness exhibited by the nucleus itself when the ray finally 
disappeared. The conclusion naturally suggested by these physical 
changes was, that the nebulous matter composing the paraboloidal enve¬ 
lope of the comet was conducted again to the nucleus along the axis of 
the paraboloid, and that the ultimate brightness of the nucleus was due to 
the increased condensation of its constituent molecules, resulting partly 
from the accession of the matter composing the envelope, and partly from 
an actual diminution of volume consequent on its diminishing tempera¬ 
ture. 

The foregoing theory of the variation of the volume of a comet depend¬ 
ing on its distance from the sun, is mainly founded on the principle that 
the nebulous matter of the comet is susceptible of being transformed by 
the heat of the sun into the condition of a transparent invisible gas; and 
that so long as the comet is in the neighbourhood of its perihelion it is 
actually encompassed by such an atmosphere. It has been already men¬ 
tioned that the observations of the comet of 1811 afforded unequivocal 
evidence of the existence of a transparent atmosphere; for upon no other 
supposition could the dark interval which separated the envelope from the 
head be satisfactorily explained. When the precipitation of the nebulous 
matter of the envelope rendered this interval no longer visible, it was im¬ 
possible to obtain any direct assurance respecting the atmosphere ; but 
that it still continued to surround the comet Herschel received an indu¬ 
bitable proof in the re-appearance of the envelope on the 9th of December, 
1811*. This indication of a second stratum of nebulous matter lasted 
only a few days, and was doubtless occasioned by some circumstance 
peculiar to the constitution of the comet. 

In all speculations on the physical constitution of comets the most 
interesting point of enquiry is that relating to the origin of the tails of 
these bodies. The earlier astronomers, including Appian, Cardan, and 
Tycho Brahe, supposed the phenomenon of a comet’s tail to arise simply 
from the passage of the solar rays through the nebulosity of the head, 
comparing it to the appearance presented by a beam of light which baa 
been transmitted through a small aperture into a dark chamber. It does 
not seem to have occurred to these theorists, that the beam of light in the 
latter instance becomes visible only in consequence of the presence of 
floating molecules of matter v-bich obstruct the solar rays and reflect 
them to the eye of the spectator 

The opinion of the Cartesians, although based on a more rational 
principle, involved conclusions totally inconsistent with observation. 
They imagined the tail of a comet to be occasioned solely by the refrac¬ 
tion which the ether of the celestial regions exercised upon the rays of 
light proceeding from the comet to the observer. If this were true, the 
light of the tail ought to exhibit the various colours of the prismatic 
spectrum. Upon the same supposition the planets and fixed stars should 
also he accompanied by tails. Neither of these conclusions, however, ure 
borne out by the observations of astronomers. Moreover, according to 
this hypothesis, the deviation of the tail from the prolongation of the 

* PhiL Trans., 1812, p. 129. 

alluding to this absurd hypothesis, cites Newton and Gregory as having 
variance with the fundamental principles of optical science. The 
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radius vector should always he in the same direction when the comet 
appears in the same region of the heavens- Newton, however, has ' 
remarked that, although the comet of 1577 occupied the same apparent 
position on the S8th of December which the comet of 1680 occupied on 
the 29th of the same month of the year, and although the earth, in both 
cases, was consequently in the same part of her orbit, the tail of the 
comet of 1577 deviated 21® tow'ards the south, whereas on the other hand 
the tail of the comet of 1680 deviated 4^° towards the north*. It follows, 
therefore, that the supposition of the phenomenon being due to the 
refraction which the light of the comet suffers in passing through the 
celestial regions is inconsistent with observed facts, and is consequently 
untenable. Another opinion respecting the tails of comets is that which 
supposes them to be appearances similar to the aurora borealis. A theory, 
founded upon this view of the subject, was proposed by Mairan, but its 
inconsistencies were too glaring to secure even its partial adoption. 

According to the various hypotheses hitherto considered, the tail of a 
comet is merely an optical illusion, having no real foundation in nature. 
Another class of hypotheses is that according to which they are imagined 
to be composed of a material substance similar to the nebulosity of the 
comet. Some persons, adopting the maxims of the Aristotelian philosophy, 
respecting light and heavy bodies, supposed that the matter composing 
the atmosphere of comets was an essentially light substance; that in 
virtue of its inherent levity it had a constant tendency to recede from the 
sun; and that hence originated the appendage of the tail. It as hardly 
necessary to state that this hypothesis is at variance with the fundamental 
property of the inertia of matter and the recognised principle of universal 
gravitation. 

The first approach to anything resembling a rational explanation of the 
tails of comets is unquestionably due to Kepler. According to that 
illustrious astronomer a comet is composed wholly of a nebulous substance, 
the constituent parts of which are gradually broken and dispersed by the 
incessant action of the solar mys upon them. The lighter particles yield 
to the impulse of the rays, and, proceeding to an immense distance from 
the head of the comet, occasion the appendage of the tail. The denser 
particles remain behind and form the nebulosity surrounding the headf. 
This hypothesis furnished a satisfactory account of the general direction 
of the tails of comets. It also afforded an explanation of their curvature 
and their concavity with respect to the region which the comet was 
leaving; for it is manifest that as the comet continued to revolve in its 
orbit, the nebulous particles impelled by the solar rays would lag some¬ 
what behind the prolongation of the radius vector, and that the effect so 
produced would be greatest for the particles wdiich had ascended the 
earliest, or, in other words, for the particles most remote from the head. 
Another advantage of this hypothesis was that of referring the phenomenon 
to a true physical cause; for it can hardly be doubted, whatever* be the 
mode of the propagation of light, that the solar rays, if interrupted in 
their progress by a material substance, must communicate to it an impact 
of some degree of intensity. On the other hand it must be admitted that 
the cause assigned, although founded in nature, cannot, with any degree 
of probability, according to Kepler’s view of it, be considered sufficient to 
produce the observed appendage of the comet. A material improvement 

* Princip., book iii., prop- 41. f De Cometis, p. 100. 
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of fhe hypothesis of that astronomer consisted in introducing the solar 
heat, as one of the exciting causes of the phenomenon. The first person 
■who appears to have explained the formation of the tails of comets upon 
this more enlarged view of the action of the sun was Claude Oomiers, 
a French writer, who flourished about the middle of the seventeenth 
century. He supposed the particles composing the nebulosity of the 
comet to he rarefied to so great a degree hy the heat of the sun, as to yield 
with facility to the impulse of the solar rays, and, acquiring from this 
cause a motion in the direction opposite to the sun, to form an appendage 
to the comet represented by the phenomenon of the tail The theory of 
Kepler, thus improved, presented itself to the mind of the enquirer under 
a much more favourable aspect than previously; for, however feeble might 
he the dynamical influence of the solar rays, it was possible, without ex¬ 
ceeding the bounds of a rational probability, to ascribe the phenomenon to 
their agency, hy supposing an adequate attenuation of the nebulous matter 
of the comet, arising from the calorific power of the rays. No further 
notice appears to have been taken of this theory until the time of "Whiston, 
who explained it with great clearness in his work entitled “ A New Theory 
of the fearth.”f It was soon afterwards referred to hy Euler as the most 
satisfactory explanation of the phenomenon that had been hitherto devised; 
and upon the same ground it has been favourably mentioned by many 
subsequent astronomers and mathematicians, including in m,ore recent 
times Sir William Herschel, Laplace, Delambre, and Arago. 

Newton, in the Principia, has entered into some interesting speculations 
on the physical constitution of comets, in the course of which he discusses 
the various hypotheses that had been formed with a view to account for 
the origin of the tails of these bodies J. Of these, the hypothesis of Kepler, 
founded on the impulsion of the solar rays, appeared to him to he the only 
one which offered any degree of probability; but h,is mind was too much 
pre-oocupied with an hypothesis of his own upon the subject, to allow him 
•fee give the full sanction of Ms authority to it. Newton’s view of the 
origin of the tail of a comet was this: he supposed the rayp of the suu, 
by their calorific influence, to raise the temperature of the nebulous 
particles of the comet, which, in their turn, communicated a portion 
of the heat thus acquired to the contiguous particles of the ethereal 
fluid composing the solar atmosphere. This increase of temperature 
being accompanied by a corresponding diminution of density, the par¬ 
ticles of the ether ascended to a greater distance from the sun, 
carrying along with them the more volatile particles of the comet in 
the same manner as an upward current of air causes smoke to ascend 
in the terrestrial atmosphere §. The general direction of the tail, its de- 


* Traite de la Nature et Presage des Cometes, p. 81. 

+ See p. 52 of the work cited. ^ Prin., lib. iii., prop. 41. 

§ “ Newton,” says Lalande ( Ast., tome iii., art. 3212), “ supposed the tails of comets 
to b© emanations from their atmospheres. He remarked that smoke and vapours may 
ascepd from the comet either in consequence of the impulse which they receive from the solar 
^y?it or, more probably, from the rarefaction which the solar heat produces in their atmo¬ 
spheres.’* It does not seem to have occurred to the astronomer just cited, (unless in¬ 
deed he &rew the responsibility of the omission upon Newton,) that without the additional 
a solar atmosphere, the vapours of the comet, if rarified by heat, would 
i ip all directions from the head. In the very next article of the work 

a cae^ des<mption of Newton’s theory, ascribing it, however, not to that 
to Boscovich, and stating that it first appeared in a work published by 
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viation from a straight line, and its conTexity with respect to the region 
towards which the comet was advancing, were explained by this theory 
with the same facility as by Kepler’s. Notwithstanding these advantages, 
it met with a reception from men of science, which forms a striking con¬ 
trast with that experienced by the other physical theories of its author. 
This circumstance is, perhaps, in some degree attributable to Newton’s 
assumption of a principle whose existence was unsupported by any positive 
evidence, a fault which that illustrious philosopher sot cautiously avoided 
in all his other speculations. It may he remarked, however, that oometary 
phenomena are not altogether wanting in indications of a solar atmosphere, 
or some such ethereal fluid, pervading the celestial regions. It has been 
already mentioned that the motion of Encke’s oomet seems to indicate the 
existence of such a fluid*. Another fact, which has been more generally 
established, tends also to suggest the suspicion of the comet moving 
through a resisting medium. It has been mentioned that the tail of a 
comet is usually brighter and better defined on the convex than on the 
concave side. Now, this is the result which might naturally he expected 
to be produced hy the motion of the comet through a resisting medium ; 
for as the convex side of the tail is also the preceding side, it is the part 
that would he mainly exposed to the pressure of the ethereal fluid ; and 
being, in consequence, more condensed, it ought to appear more luminous, 
and to present a sharper outline than the concave side. Newton, indeed, 
gave a different explanation of this phenomenon. Ho considered it to 
arise from the circumstance that the particles composing the preceding 
side of the tail, had more recently ascended from the head of the conotei 
than the other particles, and therefore that less time was allowed for their 
diffhsioh in space f. It is not improbable that the superior brightness 
and clearer definition of the convex side of the tail may be due to the 
combined operation of both these causes. 

Newton’s theory of the tails of comets may perhaps be considered 
equally satisfactory with that which refers them to the action of the solar 
rays upon the more volatile particles of the cometic atmosphere; but 
neither the one nor the other can be regarded as anything els© than a 
vague hypothesis, which, although it affords an explanation of a few of the 
more prominent features of the phenomenon, is incapable of conducting 
to results of any precision, and totally fails to render an account of minute 
details. Thus, although the general direction of the tails of comets is 
accounted for sufficiently well either by the dynamical action of the solar 
rays upon the cometic atmosphere, or by tbeir calorific agency, assuming 
the existence of a solar atmosphere, it is utterly impossible to explain, by 
either of these principles, such a phenomenon as that presented hy the 
comet of 1833, which had one tail extending in the usual direction, and 
another turned almost completely towards the sun. Many other anoma¬ 
lous appearances are equally inexplicable by either of the two hypotheses 
just mentioned. A more recent view of the subject is founded upon the 
supposition of the phenomenon being due to electrical agency. One of 
the earliest advocates of this mode of explanation was the German astro¬ 
nomer Olbers. In more recent times it has been favourably noticed by 
Bessel, Biot, and Sir John Herschel,. The limits of this work prevent 
any further allusion to it here. It may he remaificed that in the present 
state of our knowledge respecting the nature aiid mode of operation of the 


* See p. 135. 
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of the hypotliesis of that astronomer consisted in introducing the solar 
heat, as one of the exciting causes of the phenomenon. The first person 
■who appears to have explained the formation of the tails of comets upon 
this more enlarged view of the action of the sun was Claude Gomiers, 
a French writer, who flourished about the middle of the seventeenth 
oentury. He supposed the particles composing the nebulosity of the 
comet to he rarefied to so great a degree hy the heat of the sun, as to yield 
with facility to the impulse of the solar rays, and, acquiring from this 
cause a motion in the direction opposite to the sun, to form an appendage 
to the comet represented by the phenomenon of the tail*. The theory of 
Hepler, thus improved, presented itself to the mind of the enquirer under 
a much more favourable aspect than previously; for, however feeble might 
he the dynamical influence of the solar rays, it was possible, without ex¬ 
ceeding the bounds of a rational probability, to ascribe the phenomenon to 
their agency, hy supposing an adequate attenuation of the nebulous matter 
of the comet, arising from the caloriflo power of the rays. No further 
notio© appears to have been tahen of this theory until the time of Whiston, 
who explained it with great clearness in his work entitled A New Theory 
of the I^arth.^f It was soon afterwards referred to hy Euler as the most 
Sfitisfifcotory explanation of the phenomenon that had been hitherto devised; 
and upon the same ground it has been favourably mentioned hy many 
subsequent astronomers and mathematicians, including in more recent 
times Sir William Herschel, Laplace, Delamhre, and Arago. 

Newton, in the Principia, has entered into some interesting speculations 
on the physical constitution of comets, in the course of which he discusses 
the various hypotheses that had been formed with a view to account for 
the origin of the tails of these bodies J. Of theSe, the hypothesis of Kepler, 
founded on the impulsion of the solar rays, appeared to him to he the only 
one which offered any degree of probability; but his mind was too much 
pre-ocoupied with an hypothesis of his own upon the subject, to allow him 
to give the full sanction of his authority to it. Newton’s view of the 
origin of the tail of a comet was this : he supposed the ray^ of the sun, 
hy their calorific influence, to raise the temperature of the nebulous 
particles of the comet, which, in their turn, communicated a portion 
of the heat thus acquired to the contiguous particles of the ethereal 
fluid composing the solar atmosphere. This increase of temperature 
being accompanied by a corresponding diminution of density, the par¬ 
ticles of the ether ascended to a greater distance from the sun, 
carrying along with them the more volatile particles of the comet in 
the same manner as an upward current of air causes smoke to ascend 
in the terrestrial atmosphere §, The general direction of the tail, its de- 

* Traits de la Nature et Presage des Cometes, p. 81. 

+ See p- 52 of the work cited. Prin., lib. iii., prop. 41. 

§ “ Newton,” says Lalande ( Ast., tome iii., art. 8212), “ supposed the tails of comets 
to be emanations from their atmospheres. He remarked that smoke and vapours may 
ascend from the comet either in consequence of the impulse which they receive from the solar 
rays, or, more probably, from the rarefaction which the solar heat produces in their atmo¬ 
spheres.” It does not seem to have occuived to the astronomer just cited, (unless in¬ 
deed he threw the responsibility of the omission upon Newton,) that without the additional 
supposition of a solar atmosphere, the vapours of the comet, if rarified by heat, would 
extend equally in all directions from the head. In the very next article of the work 
cited, he gives a clear description of Newton’s theory, ascribing it, however, not to that 
philosoj^er, but to Boscovich, and stating that it first appeared in a work published by 
him at Koine in the year 174Q. 
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viation from a straiglit line, and its convexity with respect to the region 
towards which the comet was advancing, were explained by this theory 
with the same facility as by Kepler’s. Notwithstanding these advantages, 
it met with a reception from men of science, which forms a striking con¬ 
trast with that experienced by the other physical theories of its author. 
This circumstance is, perhaps, in some degree attributable to Newton’s 
assumption of a principle whose existence was unsupported by any positive 
evidence, a fault which that illustrious philosopher so cautiously avoided 
in all his other speculations. It may be remarked, however, that cometary 
phenomena are not altogether wanting in indications of a solar atmosphere, 
or some such ethereal fluid, pervading the celestial regions. It has been 
already mentioned that the motion of Encke’s comet seems to indicate the 
existence of such a fluid*. Another fact, which has been more generally 
established, tends also to suggest the suspicion of the comet moving 
through a resisting medium. It has been mentioned that the tail of a 
comet is usually brighter and better defined on the convex than on the 
concave side. Now, this is the result which might naturally b© expected 
to be produced by the motion of the comet through a resisting medium; 
for as the convex side of the tail is also the preceding side, it is the part 
that would be mainly exposed to the pressure of the ethereal fluid ; and 
being, in consequence, more condensed, it ought to appear more luminous, 
and to present a sharper outline than the concave side. Newton, indeed, 
gave a dififerent explanation of this phenomenon. Tie considered it to 
arise from the circumstance that the particles composing the ]Drec@ding 
side of the tail, had more recently ascended from the head of the comet 
than the other particles, and therefore that less time was allowed for their 
diflhsioh in space f. It is not improbable that the superior "brightness 
and clearer definition of the convex side of the tail may be due to the 
combined operation of both these causes. 

Newton’s theory of the tails of comets may perhaps be considered 
equally satisfactory with that which refers them to the action of the solar 
rays upon the more volatile particles of the cometic atmosphere; but 
neither the one nor the other can be regarded as anything else than a 
vague hypothesis, which, although it affords an explanation of a few of the 
more prominent features of the phenomenon, is incapable of conducting 
to results of any precision, and totally fails to render an account of minute 
details. Thus, although the general direction of the tails of comets is 
accounted for sufficiently well either by the dynamical action of the solar 
rays upon the cometic atmosphere, or by tbeir calorific agency, assuming 
the existence of a solar atmosphere, it is utterly impossible to explain, by 
either of these principles, such a phenomenon as that presented by the 
comet of 1833, which had one tail extending in the usual direction, and 
another turned almost completely towards the sun. Many other anoma¬ 
lous appearances are equally inexplicable by either of the two hypotheses 
just mentioned. A more recent view of the subject is founded upon tlie 
supposition of the phenomenon being due to electrical agency. One of 
the earliest advocates of this mode of explanation was the German astro¬ 
nomer Olbers. In more recent times it has been favourably noticed by 
Bessel, Biot, and Sir John Herscheh The limits of this work prevent 
any further allusion to it here. It may be remarked that in the present 
state of our knowledge respecting the nature and mode of operation of the 


* See p. 135. 


-j- Princip., lib. iii., prop. 41. 
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electrical principle, it is utterly hopeless to arrive at any reliable con¬ 
clusions by means of a theory founded upon the supposition of its 
agency. 

The question whether comets are self luminous, or whether they are 
indebted for their light solely to the sun, has often been discussed by 
astronomers. The high magnifying powers that these bodies in some 
instances support, tend to favour the conclusion that they are self lumi¬ 
nous. It was upon such grounds that Herschel concluded that the comet 
of 180Y, and the first comet of 1811, shone by a light essentially inherent 
in their respective substances Bessel was of opinion that the sudden 
variations of brightness exhibited by Halley’s comet in the month of 
October, 1835, could with difficulty be accounted for by any other suppo¬ 
sition than that of a developement of light by the substance of the cometf. 
It is manifest that the appearance of phases in comets, if established be¬ 
yond doubt, would afford a decisive proof that these bodies shine only by 
reflection. It has been asserted that phases, in some instances, have 
been actually observed, but such statements have not been supported by 
the observations of contemporary astronomers. Delambre mentions that 
the registers of the Royal Observatory of Paris exhibit unequivocal indi¬ 
cations of phases in the comet of 1682. It is to be remarked, however, 
that neither Halley, nor any other astronomer who observed this comet, 
makes mention of such a fact. Again, James Cassini states that the 
comet of 1744 exhibited phases which would have been as distinct as 
those of Venus if the disk had been somewhat larger,!. On the other 
hand, Heinsius and Ohesaux, who both observed the comet with especial 
attention, have explicitly denied the existence of any indications of such 
a phenomenon. In more recent times Oacciatore, the celebrated Italian 
astronomer, expressed his positive conviction that the, comet of 1819 
presented the appearance of a crescent. It was found, however, that the 
position he assigned to the line joining the horns of the crescent was in¬ 
compatible with the supposition that the comet shone by the light of the 
sun. Sir William Herschel was unable to discover anything resembling 
a phase in the comet of 1807, although he assured himself, that a con¬ 
siderable portion of the disk could not have been illuminated by the sun 
at the time of observation §. The observations of subsequent astronomers 
have also been generally unfavourable to the existence of phases \\. 

Although observations indicating the existence of phases in comets 
would establish beyond all doubt that these bodies shine by reflected 
light, it must be admitted on the other hand that the absence of such 
phenomena does not warrant the conclusion that comets are self luminous. 
With reference to this point it is to be remarked, in the first place, that 
if a comet consists of a mere globular mass of vapours, it will offer no 
effectual opposition to the passage of the solar rays, and, consequently, it 
will reflect light with equal facility from every part of its surface. Nay, 
if the comet should offer unequivocal indications of the existence of a 
nucleus, since in every such case the surrounding nebulosity is of im¬ 
mense extent, it is difficult to conceive how a different result can take 

• Phil. Trans., 1808, p. 157; ibid., 1812, p. 119. 

Connaissance des Temps, 1840. Addit. p. 98. 

4 M4m. Acad, des Sciences, 1744, p. SOS. § Phil. Trans., 1808, p. 156. 

11 Sir John Herschel has remarked that nothing which could bear the least resemblance 
to a phase was perceptible in Halley’s comet .—(^Results of Ast. Ohs. at the Cape of Good 
Uope^ p. 397*) 
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place, even if the nucleus he composed of a solid substance. But, in fact, 
the nuclei of comets are so very small, that even under the most favour¬ 
able circumstances the discovery of phases might naturally be expected to 
elude the most delicate observations * * * § . 

A very different method has been devised by M. Arago for ascertaining 
the nature of the light by which comets shine. It is well known that 
when light is reflected from a body at certain angles, it acquires properties 
different from those which characterize light emitted directly from a self lu- 
'minous body; or, in other words, the light thus reflected becomes polarized. 
By means of experiments on the light of the comet of 181^ M. Arago 
found that it contained polarized, and therefore reflected light. Similar 
experiments on Halley’s comet, made on the occasion of its apparition in 
1835, afforded still clearer indications of the existence of reflected light f. 
In other instances, as in the case of the great comet of 1843, no* tmce of 
polarized light was discernible X. It may be remarked that experiments 
of this nature, however unequivocal their results may be, are not capable 
of deciding the question with respect to the nature of the light by which 
comets shine, since a body, although self luminous, does not with less 
facility on that account reflect the light of other bodies. There is a ques¬ 
tion of another kind, however, upon which such experiments are calculated 
to throw a decisive light. It has been mentioned as a proof of the trans- 
lucency of the matter of which comets are composed, that the smallest 
stars have been occasionally seen through them without undergoing any 
diminution of lustre. This, however, has not been the invariable result 
that has occurred, under such circumstances, to the observation of astro¬ 
nomers. In some instances the star has appeared sensibly fainter from 
the interposition of the comet. For example, on the 31st of October, 
1807, Sir William Herschel found that small stars, seen through the tail 
of the comet of that year, exhibited a considerable diminution of bright¬ 
ness as they became more involved in the nebulosity of the comet. This 
diminution of brightness is readily accounted for by the obstruction which 
the particles of the cometic matter offer to the rays of light proceeding 
from the star to the observer. It is to be remarked, however, that ac¬ 
cording to a principle of optics, a feeble light when projected upon an 
illuminated ground, suffers an apparent diminution of brightness ; and 
the question, therefore, arises whether the faintness of a star, when seen 
through a comet, is not wholly referable to this cause. In the instance 
above cited, Herschel felt a disposition to adopt this as the true explana¬ 
tion of the phenomenon, on the ground that the brightness of the tail of 
the comet was a fact palpable to observation, vrhereas, on the other hand, 
there was no evidence to prove the existence of floating particles of matter 
interposed between the star and the observer §. Now the experiments of 
IM. Arago on the light of comets establish beyond doubt that the substance 
of which the tails of these bodies are composed, is sufidciently dense to ob¬ 
struct the rays of light proceeding from a luminous body; for the pheno¬ 
menon of reflected light necessarily implies that the cometic particles 


* According to Sir William Herschel the nucleus of the comet of 1807 had an appa¬ 
rent diameter of 1"—(PAi7. Trans., 1808, p. 156). The same astronomer found the 
apparent diameter of the nucleus of the first conjet of 1811 to be only 0".775.— 

TVoms., 1812, p. 118.) 

f Comptes Rendus, tome i., p. 257. J Ibid., tome xvi., p. 597. 

§ Herschel at this time was inclined to believe that the tail of a comet was merely an 
optical phenomenon resembling the aurora borealis.— (^Phil. Trans., 1808, p. 159.) 
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,possess tMs power of obstruotion. It results, tlierefore, that the faiutness 
which small stars occasionally exhibit, when, perceived through any part 
of the substance of a comet, may, and in all probability does, to some extent, 
arise from the resistance which the cometic particles oppose to the rays of 
light proceeding from the star to the observer 

When the flimsy nature of the substance of a comet is taken into con¬ 
sideration, it is difficult to conceive how such a body is not entirely dissi¬ 
pated in space by the enormous heat of the sun during its passage of tlxe 
perihelion. Mention has already been made of Newton having calculated 
that the great comet of 1680, when it arrived at its least distance from the 
sun, was subjected to a heat 2000 times greater than that of red-hot ironf. 
He considered that the circumstance of a comet being able to maintain its 
existence after passing through such a terrible ordeal, formed an irre¬ 
sistible argument in favour of its being a solid body. Laplace, availing 
himself of Black’s beautiful discovery of latent heat, shewed that the 
durability of the existence of a comet might be accounted for, without 
having recourse to a principle which, to say the least respecting it, did not 
receive any support from observation. It was established by the eminent 
pMlusopher just cited, that when a body is in the course of passing from 
the liq.uid to the gaseous state, the particles, as they become successively 
volatilissed, abstract from the body a large quantity of caloric which con¬ 
tinues insensible to the thermometer. Laplace supposed that the heat 
thus carried off by the volatilized particles of the comet during its passage 
of the perihelion, would serve to moderate the temperature of the more 
condensed portion ; and conversely, the heat given out by the same par-- 
tides, in the course of their return to the liquid state, would have the 
effect of counteracting the intense cold to which the comet would bo 
exposed in the more distant parts of its orbit J. 

Whether a comet be composed of a partially solid substance, or whether 
it consist of a mere collection of vapours, is a question which has not yet 
been resolved to the satisfaction of astronomers; but one thing is certain, 
that the masses of comets must be very small. This was strikingly 
evinced in the case of Lexell’s comet by its passage through the middle of 
the system of Jupiter’s satellites, in the year 1779, without occasioning the 
slightest perceptible derangement in the motion of either of those bodies- 

* It seems difficult to account for the extreme faintness of the stars seen by Sir William 
Herschel through the comet of 1807, without supposing it to have been in some degree 
produced by the interposition of the cometic substance. On the other hand. Sir John 
Herschel has remarked that, although innumerable stars of all magnitudes, from the ninth 
downwards, were seen by him through the substance of Halley’s comet, there never ap¬ 
peared the least ground for presuming any extinction of their light in traversing it. 
“ Very small stars were, indeed, obliterated,” says that eminent astronomer, “as. they 
wQuld have been by an equal illumination of the field of view; but in no case to a greatei* 
extent than they would have been by so much lamp-light, artificially introduced. (^Results 
Obs. at the Cape, p. 401.) 

f As this result of Newton’s is often cited, it may not be out of place briefly to state the 
groirnds upon which he established it. When the comet was in perihelion, on the 8th 
of December, its distance from the centre of the sun was to the earth’s distance as 6 to 1000. 
Now, since the intensity of the sun’s heat is reciprocally as the squai*e of the distance from his 
centre, it follows that the sun’s heat on the comet was to the heat of the summer sun as 
1,(WO>000 to 96, or as 28,000 to 1. But he also found by experiment that the heat of 
boiling water is about three times greater than the heat which dry earth acquires ftom the 
summer sun; and he moreover conjectured that red-hot iron is about three or four times 
hotter than boiling water. His final conclusion consequently was that the comet must 
havo been subjeefced to a heat ^OO times greater than that of red-hot iron. 

^ Systdoc^ du Monde, tome i., book ii,, chap. v. 



HISTOB^ OF PHYSlOAIi ASTBOBOMY. 


818 


The qoestioB with respect to the end which comets are designed to servo 
in the economy of creation, appears to be involved in a degree of obscurity 
greater even than that which surrounds any other enquiry connected with 
these mysterious bodies. Newton asserted that all those comets which 
descend so low as to come within the solar atmosphere, would suffer a re-» 
tardation of their motion on each occasion of their passage through their 
perihelia, and being, in consequence, less capable of resisting the attrac¬ 
tion of the sun, would gradually approach that body until they ultimately 
fell upon his surface. Generalising this idea, he supposed that the fixed 
stars might be occasionally recruited by the falling of comets into 
them, and that the conflagration hence arising might account for 
those temporary stars which, at different times, have appeared with great 
splendour in the heavens. With respect to the tails of comets he was 
of opinion that after being dissipated in space they were ahsorbed by the 
planets, and entering into a multitude of chemical combinations with other 
substances, tended thereby to repair the waste of fluids occasioned by the 
evaporating influence of the sun. • It would, perhaps, be as difficult to 
disprove these surmises as to demonstrate their truth, for in fact, they 
can only he regarded as mere sallies of the imagination into regions of 
thought, beyond the reach of legitimate reasoning. The speculations of 
succeeding astronomers on this subject do not lead to conclusions of a 
more satisfactory kind than those ab6ve hinted at. Sir William Herschel 
was of opinion that a comet on the occasion of each perihelion passage 
acquires a more perfect state of condensation in consequence of the action 
of the solar heat upon the nebulous matter of which it is partially 
composed. This hypothesis pointed out to the probability of a comet 
eventually acquiring the consistency of a solid body and assimilating itself 
in all respects to a plaxiet. A similar view of the ultimate state of comets 
was adopted by Laplace, who remarked that the comet of 1759 was the 
only one which had hitherto exhibited any indications of having arrived at 
a fixed condition. He was probably led to this conclusion by a 
comparison of the recorded apparitions of the comet, from which it would 
seem that it had been diminishing in splendour on the occasion of each 
return to perihelion, until at length, in 1759 it almost ceased to exhibit 
the more striking peculiarities of a cometary body. Much of the awful 
inagnifioenoe of the comet on the occasion of its apparition in 1456 is 
doubtless attributable to the effect upon the imagination of a phenomenon 
that was universally regarded with feelings of terror, as a visible mani¬ 
festation of divine displeasure; but it is an indisputable fact that the 
comet was a much more conspicuous object in 1607, than it was in 1684 
or 1759. Thus, in 1607, Kepler distinctly perceived the tail with the 
naked eye, thirty days before the comet’s arrival in perihelion In 1683 
the comet, even for some time after it became visble to the naked eye, 
did not exhibit any vestige of a taih for Cassini has remarked that its disk 
was as round, as well defined, and as devoid of nebulosity as that of the 
planet Jupiter f. Perhaps the circumstance of its appearing so soon after 
the great comet of 1680 may have caused its oometic features to be in 
some degree overlooked by astronomers. This could not be said on the 
occasion of the return of the comet in 1759, for although Messier carefully 

* The comet with its tail was seen at Prague by many persons as well as Kepler on 
the 26th of September Cametis,. p. 25). According to Halley it passed its peri¬ 
helion on the 26th of October. 

f Mi5m. Acad, des Sciences, 1699, p. 39. 
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observed it with a telescope twenty-six days before the passage of the 
perihelion, he was unable to discern the slightest trace of a tail. So far, 
therefore, the remark of Laplace appears to be supported by observation. 
Unfortunately, however, the comet during its last apparition exhibited a 
decidedly less planetary aspect than it did in 1759 ; for on the 12th of 
October, 1836, the tail was already visible to the naked eye as a very con¬ 
spicuous object, although the passage of the pei’ihelion did not take place 
until 35 days afterwards. 

The foregoing account of speculations on the physical constitu¬ 
tion of comets may serve to shew how much yet remains to be done in 
this interesting department of astronomy. It is clear that a more ex¬ 
tensive collection of facts than that at present in the possession of astro¬ 
nomers, must be formed by a long course of accurate observation; and that 
more mature views of the great agents of nature must be arrived at by an 
assiduous cultivation of the various branches of physical science, before 
any hopes can be entertained of coming to a definitive conclusion respect¬ 
ing the more essential properties of these mysterious bodies, or the pur¬ 
poses they are designed to accomplish in the economy of the material 
universe. 


CHAPTER XYI. 


Importance of Facts in the Cultivation of Physics.—Astronomy a Science of Observation. 
— Inequalities which affect the apparent positions of the Celestial Bodies.—Preces¬ 
sion.— Its Discovery by Hipparchus.—Researches of Modern Astronomers on its 
Value.—Bessel.—Peters.— Otto Struve. — Refraction.— Its effect upon the Place of a 
Celestial Body first remarked by Ptolemy.—Opinion of Tycho Brah6 respecting its 
Nature.—The first Theory of Refraction due to Cassini.—His Table of Refractions.— 
Newton.—His Correspondence with Flamstead on the subject of Refraction.—For¬ 
mula of Bradley_French Tables of Refraction.—Researches of Bessel. — Aberration. 

“Its discovery by Bradley.—Modem Determinations of its Value. —Nutation dis¬ 
covered by Bradley.—Its most Approved Value.—Researches on Parallax.— Methods 
for facilitating the Reduction of Observations.—Method of Bessel.— Physical Causes 
which more especially affect the Aspect of the Celestial Bodies.—I3iffraction.—Irradia¬ 
tion. 

It does uot require a profound aquaintance with the history of any branch 
of physical science, to arrive at the conviction that its advancement has 
been invariably effected by reasoning upon facts whose existence had been 
already established either by observation or experiment. Astronomy is 
essentially a science of observation. Even in the earliest stages of its 
progress some interesting results were deduced, by simply noting the 
periodical recurrence of the more obvious phenomena. It was by pur¬ 
suing a process of this sort that the Chaldeans succeeded in obtaining rude 
approxim^i,tions to the times of revolution of the sun and moon, and in 
predicting the occui'rence of lunar ecJLipses. The earlier philosophers of 
G-reece, misled hy erroneous views with respect to the mode of discovering 
truth, imagined that it would be inconsistent with the dignity of the 
human mind, to recognise any alliance between the lofty speculations of 
abstract science and the monotonous task of observation. It followed, as 
a necessary consequence, that during many years of Grecian history, not 
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even excepting the palmy days of Athenian civilisation, no progress was 
made in the study of astronomy. It was only when Alexandria became 
the capital of the civilised world, and learning in all its departments was 
liberally patronised by the Ptolemies, that the phenomena of the heavens 
were observed with regularity and care by the aid of instruments invented 
for that express purpose. Accordingly, astronomy, considered as a science 
of strict calculation, was during this period established on a durable basis. 
It cannot be asserted, indeed, that even yet the metaphysical notions of the 
speculative philosophers had been wholly banished from the science. The 
Aristotelian dogmas respecting the essential nature of the celestial move¬ 
ments were still regarded as indisputable axioms, between which on the one 
hand, and nature on the other, a sort of compromise was efPected by means 
of the famous mechanism of epicycles. So long, indeed, as the discord¬ 
ances between its results and the actual phenomena of the heavens did not 
exceed the probable errors of observation, this system, however compli¬ 
cated, might fairly be regarded as a legitimate representation of established 
facts. It was only when the advanced state of practical astronomy allowed 
the repudiation of discordances of such magnitude, that the arbitrary crea¬ 
tions of the human mind, and the immutable laws of the physical universe, 
might be said to have come into direct collision. The triumphant esta¬ 
blishment of the true system of nature by the immortal Kepler, led to the 
complete emancipation of astronomical science from the thraldom of the 
Schools, and.its subsequent history has in consequence been one of unin¬ 
terrupted progress down to the present day. 

Since the laws which regulate the movements of the celestial bodies 
constitute the principal subject of research in the study of astronomy, it is 
manifest that the establishment of a series of facts relating to their apparent 
positions, forms an indispensable preliminary to all such enquiries. Accord¬ 
ingly, the sun, moon, and planets have in all ages been carefully observed 
with this object in view ; and all the resources of mechanical skill, as well 
as the most profound investigations of physical science, have been applied 
towards assuring the accuracy of the results. The stars, too, have been ob¬ 
served with equal care, not merely on their own account, but also because 
they form fi.xed points, to which the positions of the various bodies of the 
solar system may be on all occasions referred. 

But the simple determination of the apparent positions of the celestial 
bodies does not suffice to produce results immediately available towards the 
purposes of astronomy. Certain inequalities of small, but variable magni¬ 
tude, affect tbe position of every celestial body, the values of which must 
be carefully ascertained for each observation, in order to arrive at a know¬ 
ledge of the mean position of the body, which alone can be employed in 
forming the basis of ulterior research. These minute displacements arise 
from the combined operation of various distinct principles, the investi¬ 
gation of the laws of which forms one of the most important departments 
of astronomical science. When considered with respect to their origin, 
they admit of a threefold division. In the first place there are inequali¬ 
ties which depend upon the principle of gravitation; such are the pheno¬ 
mena of Precession and Nutation. The second class of inequalities includes 
those which are explicable by reference to the properties of light; such are 
the phenomena of Refraction and Aberration. Rastly, there is the dis¬ 
placement occasioned by Parallax- 

It appears from the foregoing remarks that every celestial body is sub¬ 
ject to an apparent displacement arising from the combined influence of 
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five distinet inequalities, of whicli four derive their origin from physical 
causes i 'while, on the other hand, the fifth depends upon considerations of 
a purely mathematical nature. The apparent position of a body is re-* 
duced to the mean by applying to it, with an opposite sign, the numerical 
Value of each inequality, corresponding to the time of observation. A 
brief account of the researches of astronomers in connexion 'with each of 
these five inequalities or corrections, as they are technically termed, may, 
perhaps, not prove uninteresting to the reader. This 'will be best effected 
by alluding to each correction according to the order of its discovery. 

Of the various inequalities which require to be taken into account iti 
reducing the apparent position of a heavenly body to its mean position, 
the one which first became known to mankind is the increase of longitude, 
arising from a slow regression of the equinoctial points upon the plane of 
the ecliptic. As this constant shifting of the intersection of the ecliptic 
and equator causes the annual arrival of the sun in either of the equinoxes 
to be a little earlier than it would otherwise be, it has in consequence been 
denominated “ the Precession of the Equinoxes.The discovery of this 
apparent movement is due to Hipparchus, who arrived at it about the 
ymr 1S5, A. o,, by a comparison of his own observations with those of 
Timocharis, made about 1*70 years earlier. Its existence was afterwards 
established beyond doubt by Ptolemy, between whom and Hipparchus 
there elapsed an interval of nearly 300 years. It has been already men¬ 
tioned that Copernicus was the first w'ho gave the true explanation of this 
phenomenon. The discovery of its physical cause by Newton, and the 
researches of his successors on its laws, have also been briefly noticed. It 
only remains to give some account of the successive determinations of its 
quantitative value by astronomers. 

The earliest statement of the value of precession is to be found in the 
Syntaxis. Ptolemy mentions, in the seventh chapter of that work, that 
having observed several brigbt stars in the zodiac, he found that while 
their relative positions were the same as in the days of Hipparchus, they 
had all increased in longitude to the extent of 40' during the interval 
that elapsed between that astronomer and himself. He hence inferred 
that the increase of longitude amounted to 1° in 100 years, which implies 
an annual precession of 36"; he moreover stated that Hipparchus had 
arrived at the same result. This was a very erroneous determination, 
for, according to the researches of modern astronomers, the annual amount 
of precession is a little in excess of 50". The interval between Hip¬ 
parchus and Ptolemy comprehended a period of 207 years, so that the total 
increase of longitude must in reality have amounted to 3° 37', a quantity 
greater nearly by 1° than that assigned by Ptolemy. As the discordance 
seems too great to be accounted for by errors of observation, except by 
adopting an. extravagant supposition with respect to their probable magni¬ 
tude, many eminent astronomers have come to the conclusion that Ptolemy 
made no observations at all; that in fact his catalogue of the stars is no 
other than the catalogue of Hipparchus reduced to the epoch of 137 a.d., 
by increasing all the longitudes to the extent of 2° 40'. Unfortunately 
there are circumstances which strongly tend to justify this serious charge. 
Helambre compared together the longitudes of 812 stars as assigned by 
Ptolemy 'with the longitudes of the same stars inserted in Plamstead’s 
catalogue, and supposing the interval between these two astronomers to 
comprehend a period of 1553 years, he hence deduced 52".4 for the annual 
'value of precession. This result exceeds the true value by rather more 
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tban 0'^; but suck a disoordance ^ould necessarily enStie if Ptolemy 
simply derived bis catalogue from that of Hipparchus, since in reducing 
tbe longitudes to bis own epoch he supposed the quantity of precession to 
be too smalb In order to obtain a stronger assurance On this point, 
Delambre diminished Ptolemy’s longitudes of the same stars by 40', 
and supposing the results to be the longitudes of Hipparchus, he in¬ 
stituted a comparison between them and Flamstead’s longitudes. As¬ 
suming the interval between Hipparchus and Flamstead to include a 
period of 18ji0 years, he now obtained 60". 13 for the resulting value of 
precession, a quantity agreeing almost exactly with the modern determina¬ 
tion. Delambre obtained results of a similar nature by pursuing the 
same process with respect to several other sets of stars common to the 
catalogues of Ptolemy and Flamstead. 

The Arabian astronomers generally estimated the quantity of precession 
at 1° in 66 years. This gave 54" for the annual precession, a result which 
formed a much closer approximation to the true value than that which 
Ptolemy had arrived at. 

The efforts of modern astronomers have been constantly directed 
towards obtaining a more accurate value of this elernent. Tycho Brahe 
fixed the annual precession at 51". Flamstead made it 50". Dalande, by 
comparing the longitude of Spica Virginis as assigned by Hipparchus with 
its longitude deduced from observations made in 1760, obtained 60". 5 for 
the resulting value of precession. Delambre, by a comparison of the ob¬ 
servations of Bradley, Afayer, and Dacaille with his own observations; was 
induced to fix the annual precession at 60".l. 

As the theory of gravitation began to acquire a more complete state of 
developement, it became apparent that the precession of the equinoxes is a 
phenomenon of a much more complicated nature than it had hitherto been 
supposed to be. It has been already meiitioned, that the action of the 
planets on the earth occasions a secular displacement of the terrestrial 
orbit, in virtue of which the equinoctial points have a constant tendency 
to advance with a very slow motion upon the plane of the ecliptic, and that 
hence arises a distinction between Imiisolar precession, which refers ex¬ 
clusively to the action of the sun and moon, and general precession, which 
is equal to the lunisolar precession diminished by the small effect of an 
opposite nature, arising from planetary perturbation. Now as the diplace¬ 
ment of the terrestrial equator, by constantly altering the position of the 
zero points, to which the celestial bodies are referred on the ecliptic, 
affects their longitudes but not their latitudes ; so the displacement of the 
plane of the ecliptic affects the right ascensions of all the celestial bodies, 
but does not exercise any influence upon their declinations. It is manifest, 
therefore, that the variation of the right ascension of a star is an eftect pro¬ 
duced principally by tbe action of tbe sun and moon, but in some degree 
also by tbe action of the planets; whereas, on the other hand, the change of 
declination depends exclusively upon lunisolar action. Hence by com¬ 
paring together the mean right ascensions of a great number of stars, 
as determined at two distant epochs, the quantity of general precession 
may be ascertained, and by instituting a similar comparison with respect 
to mean declinations, the resulting quantity is the value of lunisolar pre¬ 
cession. Both the regression of the equinoctial points, occasioned by the 
conical motion of the earth’s axis and the progression due to the displace¬ 
ment of the ecliptic are- in a state of slow variation, and consequently 
neither the general nor the lunisolar precession retains in every age the 
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same Yalue. The researches of the illustrious Bessel led to a more accu¬ 
rate determination of the constants of precession than any which had been 
hitherto arrived at. His earliest investigation, which obtained for him 
the prize of the Berlin Academy, appeared in the year 1815. He re¬ 
turned to the subject on several subseq[uent occasions, and his final results 
are contained in the TabulcB Hegiomontmim, which was published in 1830. 
The materials of his researches were the observations of Bradley, which 
formed the most ancient reliable data that were available to him ; and 
those of Piazzi, as well as many of his own observations, with which he 
compared the determinations of the English astronomer. The values 
which he assigned to the constants of lunisolar and general precession 
have, until very recentlj^ been universally used by astronomers. The 
annual value of lunisolar precession at the beginniug of the year 1750 
was fixed by him at 50''''.37673, and the annual value of general precession 
at 60^'.S11S9. 

The importance of an accurate knowledge of precession in determining 
by observation the positions of the celestial bodies has been the main 
cause of those repeated investigations that have been undertaken by astro¬ 
nomers in modern times, for the purpose of obtaining further corrections 
of the constants upon which its annual value for any given year, and its 
total magnitude corresponding to any assigned distance from a given epoch, 
depend. The truth of this remark will appear evident from a considera¬ 
tion of the mode by which the absolute position of a celestial body is 
usually ascertained. This object is effected, not by a direct process, which 
would be generally impracticable, but by determining the relative position 
of the bod3’^ with respect to certain fundamental stars whose absolute posi¬ 
tion has been already ascertained with great care at some anterior epoch. 
Now the absolute position of a body in the celestial sphere is usually ex¬ 
pressed by means of its right ascension and declination ; but, as both these 
co-ordinates have reference to the position of the vernal equinox, they are 
in a state of continual variation from the effects of precession. It is 
of no us?, therefore, for the astronomer to be acquainted with the original 
right ascension and declination of the star with which he compares the 
object of observation, unless he possesses a sufidcient knowledge of the ex¬ 
tent to which the equinoctial points have retreated upon the ecliptic during 
the intermediate period, to enable him to compute the values of the same 
co-ordinates corresponding to the time of observation. 

But there is another circumstance which in recent times has rendered 
an accurate knowledge of precession indispensable. The researches that 
have been prosecuted in the present day, with the view of establishing the 
motion of the solar sj’-stem in space, have suggested the necessity of ascer¬ 
taining with the utmost precision the real nature of those secular varia¬ 
tions which affect the apparent positions of the stars. It is not difficult 
to see that a small error committed in the detei'inination of the nume¬ 
rical values of the constants of precession, would, by always acting in the 
same direction on the position of a star, be liable to become confounded 
wdth the proper motion of the star, which is also characterised by a similar 
peculiarity. The elaborate researches of the Russian astronomers, MM. 
Peters and Struve, have led to a modification of Bessel’s constants of 
precession,^ which, although very slight, may not improbably exercise an 
important influence on the delicate investigations of sidereal astronomy. 

Ptolemy was the first who remarked that a ray of light proceeding from 
a star to the earth underwent a change of direction in passing through the 
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atmosphere, and that, in consequence of the deflection, the star would ap¬ 
pear to be elevated above its true place. He further asserted that the dis¬ 
placement would be less according as the altitude of the star increased, and 
that it would vanish altogether when the star was in the zenith; but he did 
not attempt to determine its magnitude in any instance, although he made 
some excellent experiments on the refractive powers of glass and water. 
Alhazen, the Arabian astronomer, reasoned very judiciously on the same 
subject, in his “ Treatise on Twilight,” and 'Waltherus, a German astro¬ 
nomer, who flourished towards the close of the fifteenth century, made 
some attempts to determine the magnitude of refraction near the horizon. 
Tycho Brahe was the first astronomer who applied refraction as a correc¬ 
tion to the apparent positions of the celestial bodies. Having found that 
the latitude of XJranibtirg, as deduced from the least and greatest altitudes of 
circumpolar stars, differed to the extent of 4'' from the latitude indicated 
by observations of the sun at the solstices, he was led to attribute the 
discordance to the effect of refraction, which he supposed to have been 
mainly influential at the winter solstice when the sun attained only a 
very low altitude. Pursuing the subject, he deduced from his observations 
a table of refractions, which, although by no means remarkable for ac¬ 
curacy, possessed the merit of being the fn’st of the kind that had been 
constructed by any astronomer. He supposed the refraction to be 34' at 
the horizon, and 5" at 45'^ of altitude. His views of the nature of refrac¬ 
tion were by no means so accurate as those of Ptolemy or Alhazen, with 
whose works on the subject he does not seem to have been acquainted. 
Under an impression that the refraction of the rays of light proceeding 
from a heavenly body, was occasioned b.y the vapours which accumulate 
near the horizon, he asserted that it did not extend so far as the zenith. 
He also supposed that the refraction of the stars was different from that 
of the sun or any of the planets; and that while in the former case it 
ceased at 20^ of altitude, in the latter it was sensible as far as 45°. These 
opinions, althougli erroneous in an extreme degree, did not admit of 
being corrected by an aj>peal to observation, on account of tlie imperfect 
condition of practical astronomy. 

Kepler, by means of an empirical rule of Jiis own invention, cal¬ 
culated a table of refractions, which was found to be considerably more 
accurate than T 3 '^cko’s table. Dclambi-e has shown tliat for all zenith dis¬ 
tances less than 70® the errors do not surpass 0"*:=. 

The reseai'ches of philosophers on the subject of refraction were facili¬ 
tated in a vast degree by the discovery of Snell, that when a ray of light 
enters a transparent medium the sines of the angles of incidence and 
refraction bear a constant ratio to each other. By means of this principle 
it was easy, in all cases of a ray of light entering a homogeneous medium, 
to ascertain the subsequent direction of the ray, whatever might be the 
angle of incidence, when the direction corresponding to any given angle 
was once determined by experiment. The first theory of astronomical 
refraction is due to Cassini. He supposed the atmosphere to possess 
a uniform density, and to extend to a definite height above the surface of 
the earth. According to this hypothesis, the refraction of a ra^’^ of light 
proceeding from a celestial body, takes place wholly at its entrance into 
the spherical shell of air which encompasses the earth; whence it follows 
that the path pursued by the ray in its subsequent passage through the 

Hist. Ast. Mori,, tome i., p. 307. 
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Ottmospliere must necessarily l)e a straight line. In order to adapt his 
laypothesis to the calculation of a table of refractions, it was necessary for 
Cassini to determine the height of the homogeneous atmosphere, and the 
refraction corresponding to a given angle of incidence. The data which 
he used for this purpose were the observed refractions for two given 
a:enith distances. These were, the horizontal refraction, which he made 
equal to 33' 30", and the refraction at 80° of zenith distance, which he 
determined to be 5' 38". Being now in possession of the elements of his 
theory, he calculated a table of refractions extending from the horizon to 
the zenith. Besides this table, which was designed to represent the re¬ 
fractions in summer, he calculated two other tables, one of which was 
adapted to the winter season, and the other to the intermediate seasons of 
spring and autumn. It was found that by estimating the solar parallax at 
I', agreeably to Kepler, the triple table was indispensable when the object 
was to represent the observed refractions throughout the year. Cassini, 
however, was induced to suspect from observations of the moon when in 
the dichotomies, that the solar parallax fell considerably short of 1'; nay, 
he even did not scruple to assert that in point of fact it might be regarded 
as insensible. By adopting this supposition, he found that the table 
which he had calculated for summer, was likewise applicable to the other 
seasons of the year; but it was impossible to pronounce with absolute cer¬ 
tainty whether his view of the subject was the right one or not. The 
table, in its triple form, first appeared in the JEphemey'ides, published 

by Malvasia, at Bologna, in the year 1663. The results were found to re¬ 
present the observed refractions with a remarkable degree of accurac^y. 
This will appear somewhat surprising when the erroneous nature of the 
hypothesis from which they were deduced is taken into account; for it is 
noanifest that, so far from the atmosphere being homogeneous, the succes¬ 
sive strata of air increase in density towards the surface of the eartli, 
by reason of the pressure of the superincumbent strata, and the ray of 
light being in consequence deflected continually from a rectilmear direc¬ 
tion, the path pursued by it through the atmosphere will, in reality, be a 
curve which is concave with respect to the earth. 

Notwithstanding the success of Cassini’s attempt to represent the 
derangements in the apparent positions of the celestial bodies, arising 
from the combined influence of parallax and refraction, it wns still desir¬ 
able, for the advancement of astronomical science, to arrive at a precise 
knowdedge of the independent effects of each of tlicse two elements. To 
accomplish such an analysis, however, by means of observations made at 
Paris, was found to be impracticable, in consequence of the refractions at 
the solstices being so considerable as to render uncertain any conclusion with 
respect to the effect occasioned by parallax. In order to obtain a satis¬ 
factory solution of this question, the Academy of Sciences resolved to 
determine the distance between the tropics by means of observations of 
the sun at some place near the equator, where, the refractions being 
insensible on account of the great zenith distance of the object, the efiects 
of parallax alone would become apparent. In pursuance of this design 
they selected a small island on the coast of Africa, lying about 5° north of 
the equator, as a suitable locality for the proposed observations, and 
assigned the conduct of them to Richer, one of the members of their own 
body. Richer executed his task in the year 1673. The result of his 
observations afforded a complete verification of Cassini’s views, by shewing 
that the solar parallax was insensible. Cassini, in consequence, adopted 
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the table of refractions for suramer as true for the whole year, and com¬ 
municated them to the Academy of Sciences as the dehnitive result of his 
researches This table was inserted in the Connaiasanae des Temps, 
and continued for a long time to be published annually in that JSphemeris. 

It appears from the foregoing account of Cassini’s I'esearches, that the 
calculation of a triple table of refractions adapted to the different seasons 
of the year, was forced upon him by the erroneous value of the solar 
parallax, generally prevalent in his time, and that the adoption of his own 
views with respect to the value of that element, made the refractions 
invariable throughout the year. It is, therefore, inconsistent with the 
facts of the case, to assert, as some writers have done, that we owe origin¬ 
ally to Cassini the remark that the I'efractions vary with the season of 
the year. The first suspicion of this fact is undoubtedly due to his contem¬ 
porary, Picard. At one of the meetings of the Academy of Sciences, held 
in 1669, having been invited to state the objects of research which ap¬ 
peared to him to be most conducive to the advancement of astronomical 
science, he suggested the desirableness of calculating a table of refractions 
for Paris, adapted to the different seasons of the year, and even according 
to the different changes of the weather, marking, on each occasion, the 
winds and the state of the thermometer, in order to ascertain whether the 
variations in the quantity of refraction are not accompanied by phenomena 
affording unequivocal indications of their existencef. Picard, on a future 
occasion, gave a more distinct explanation of his views on the subject. 
Having found from observations of the sun, that the refractions are more 
in excess after the winter solstice than before it, he attributed the differ¬ 
ence to the greater degree of cold which usually prevails in the more 
advanced part of the winter season. Upon the same grounds he concluded 
that the refractions during the night are greater than those which take 
place during the day J. Those views must be regai'ded as highly ci’edit- 
able to the sagacity of Picard, especially when it is considei-ed tliat, with the 
exception of Isiewton, no other p('rson a})peai's to ha.ve foi’med an adequate 
conception of the importance of taking into account the iTiilnence of tempo- 
rature upon refraction until towanls the middle of tlve eighteenth century. 

The subject of refraction is too closely connected with pliysical astro¬ 
nomy not to have occupied the attention of hiewton. In the fourteenth 
section of the first book of tlie Pi incipia he lias sliewn that when a ray of 
light enters a transparent medium, the attraction of the molecules com¬ 
posing the medium will deflect it from its original direction, and, by 
supposing them to act according to a given law, he has deduced the 
fundamental theorem of Snell, that the sines of tlie angles of incidence 
and refraction l)ear a constant ratio to each other. In his Treatise on 
Optics, he has alluded move particularly to atmospheric refraction §, but 
he does not attempt to determine the amouiit of deflection experienced 
from that cause Ity a ray of light proceeding from a celestial body to 
the surface of the earth. In tlie year 1731 Halle^’’ communicated to the 
Royal Society a. table of refractions 'which he asserted to have been 
calculated by Newton I]. This table exhibits the refractions from the 
horizon to 75° of apparent altitude. The refraction at the horizon is 
assigned equal to Bd'' 45'"; the refraction at 45® amounts to 54'''. No 


* Anc. Mem. Acad, dea Sciences, tome viii., p. 81. 
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iuformation was given by Halley with respect to the way in which the 
table was constructed, so that it long continued to be an interesting 
question with astronomers, whether it rested solely upon observation, 
or whether it was derived from some physical theory of refraction. There 
existed indeed strong reasons to suspect, from Newton’s mode of consider¬ 
ing refraction as a result of dynamical agency, that the table was con¬ 
structed upon theoretical principles. This has been established beyond 
all doubt in recent times, by the publication of Baily’s Tife of Flamstead, 
which contains some interesting particulars relative to Newton’s re¬ 
searches on the theory of astronomical refractionIt appears from 
certain correspondence between Newton and Flamstead, published in that 
work, that during the period which elapsed between October, 1694, and 
JMarcli, 1695, Newton w'as engaged in a profound investigation of the 
subject referred to, and that he finally transmitted to Flamstead a 
table of refractions, which, there is every reason to suppose, was identical 
with the one subsequently communicated by Halley to the Royal Society. 
A short notice of this correspondence, the publication of which has had 
the effect of throwing additional lustre around the genius of Newton, 
already immortalised by so many great discoveries, may perhaps not 
prove uninteresting to the reader. 

In a letter, dated October 11, 1694, Flamstead points out to Newton 
the discordances between the refractions near the boriiiou, as assigned by 
various astronomers, and the corresponding results which he had deduced 
from his own observations. He remarks, also, that, at the same altitudes, 
he found that the refractions were different on different nights. He in¬ 
vites the attention of Newton to the subject, and requests that he will 
communicate to him the result of his reflections upon it. The reply of 
Newton is valuable, inasmuch as it shews that he had already formed a 
true conception of the physical principles upon which atmospheric refrac¬ 
tion depends. In a letrer, dated October 34, 1694, he thus explains his 
views on the subject:—“ The reason of the different refractions near the 
horizon, in the same altitude, I take to be the different heat of the air in 
the lower region. For when the air is rarefied by heat, it refracts less ; 
when condensed by cold, it refracts more. And this difference must be 
most sensible when the I'ays run along in the lower region of the air for a 
great many miles together; because ’tis this I'egion oiily which is rarefied 
and condensed by heat and cold ; the middle and upper region of the air 
being always cold. I am of opinion also, that the refraction in all greater 
altitudes is varied a little by the different weight of the air discovered by 
the baroscope. For when the air is heavier, and by consequence denser, 
it must refract something more than when ’tis lighter and rarer. I could 
wish, therefore, that in all your observations, where the refraction is to be 
allowed for, you w^ould set down the weight of the baroscope and heat of 
the air, that the variation of the refraction by the weight and heat of the 
air may he hereafter allowed for, when the proportion of the variation by 
those causes shall be known.”f 

Flamstead was unable to appreciate the importance of the sagacious 
hints thrown out by his illustrious contemporary. Although possessing many 
of the qualities requisite for constituting an accurate observer of celestial 


* Account of the Rev. John Flamstead, compiled from his own manuscripts and 
other authentic documents never before published. 4to. London, 1835. 
t Ibid., p. 137. 
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phenomena, he was naturally unfitted for the loftier task of investigating 
the various physical causes upon whose combined operation they depend. 
It is due to him, however, to state that, in the present instance, he does 
not appear to have been insensible to the advantages which might accrue 
to astronomical science from the theoretical researches of Newton, although 
he failed to profit by the counsel of that philosopher, in so far as his own 
practice as an observer was concerned. 

The subsequent progress of Newton’s labours on the subject of refraction 
is clearly exhibited in his letters to Flamstead. It has been already men¬ 
tioned that he succeeded in explaining the refraction of a ray of light by the 
attraction of the transparent medium into which it enters. In the present 
case the medium was composed of an infinite number of concentric spherical 
strata of air, increasing in density towards the surface of the earth ; so 
that, in point of fact, it was necessary to investigate the effect produced by 
an infinite number of media, all of which possessed different degrees of 
refractive power. This circumstance rendered the problem of refraction 
vastly more difficult than it had been on the hypothesis of Cassini ; but on 
the other hand it was manifest that the condition of a variable density was 
that which accorded with the actual constitution of the atmosphere. Newton, 
by a happy application of djuiamics to his doctrine of refraction, reduced the 
problem to a form which tended greatly to facilitate its solution. As each 
stratum of air acted uniformly upon the incident ray^, the resultant 
attraction of the particles was a force directed to the centre of the earth, 
since no reason could be assigned why it should deviate to one side more 
than to another. Hence the investigation of the path pursued by the ray 
of light through the atmosphere, was brought under the theory of central 
forces, the principles of which Newton had already fully established in 
the first book of the Principia. One of the conditions of the problem 
was, the relation between the density of the air aud its refractive 
power; another of equal importance was, the law according to which the 
density of the air diminished in ascending from the surface of the earth. 
Newton rightly supposed the refractive power of the air to be proportional 
to its density. The ascertainment of the law of density in ascending 
from the earth’s surface was attended with much greater difficulty, since it 
depended upon a knowledge of the physical constitution of the atmosphere. 
Newton commenced his researches by supposing the density to diminish 
by equal degrees with equal increments of altitude. Upon this hypothesis 
he calculated three tables of refraction, one for winter, another for summer, 
and a third for the intermediate seasons of spring and autumn. These 
tables do not, by any means, exhibit a satisfactory accordance with the 
corre.sponding results indicated by observation. Newton, in fact, soon, 
afterwards discovered that the law of density upon which they rested was 
erroneous, inasmuch as it supposed “ the refi'acting force of the atmo¬ 
sphere as great at the top as at the bottom.”f He accordingly aban¬ 
doned it, as manifestly at variance with the actual state of nature, and 

* The forces of the molecular particles ai'e supposed to be sensible only at insensible 

distances, 

f Flamstead’s Life, p. 147, The truth of this remark will appear from the followin^r 
consideration, Wlicn a ray of hgjht passes irom one stratum of air into another, it is at¬ 
tracted in opposite directions by the two strata with forces proportional to their respective 
densities. It is clear, therefore, that the whole force which is effectual in refracting the 
ray is proportional to the difference of densities of the strata. Now, according to the hy¬ 
pothesis mentioned in the text^ this difference is a constant quantity. Hence the re¬ 
fractive force is also constant. 
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proceeded to the consideration of another hypothesis, founded upoii the 
constitution of the atmosphere, described by him in the 22nd proposition 
of the second book of the Principia. In this proposition the density 
of the air is supposed to be proportional to tlie pressure, and hence is 
readily deduced the theorem, that, if the distances from the centre of the 
earth increase in arithmetical progression, the densities of the cori'espond- 
ing strata of air will diminish in geometrical progression This hypothesis 
is more conformable to the real constitution of the atmosphere than that 
adopted by Newton in the first instance, for it has been demonstrated by 
experiment, that the density of air is proportional to the compressing 
force. On the other hand it is to be remarked, that the influence of tem¬ 
perature is left wholly out of consideration, although it is manifest that 
the superior heat of the lower regions of the atmospliei’e, by rarefying the 
air, tends inevitably to derange the law of density which would otherwise 
ensue. It may, therefore, easily be imagined that the new hypothesis of 
Newton did not yield results much more satisfactory tlian those derivable 
from the original one. In fact, he found that for low altitudes the refrac¬ 
tions assigned by it were all by far too great. The cause of this dis¬ 
cordance did not fail soon to disclose itself to his penetrating intellect. 
“ I have found,” says he, “ that if the horizontal refraction be the 
refraction in the apparent altitude of 3° will be 1 3' 3" ; and if the refraction 
in the apparent altitude of 3° be 14', the horizontal refraction will be 
something more than 37'. So that, instead of increasing the horizon¬ 
tal refraction by vapours, we must find some other cause to decrease it. 
And I cannot think of any other cause besides the rarefaction of the lower 
region of the atmosphere by heat.” Having calculated a table of refrac¬ 
tions uxDon this hypothesis, he transmitted a copy of it to Flamstead, in¬ 
closed in a letter dated March 15, 1695. The letter is preserved in the 
library of Corpus Christi College, Oxford; but the table of refractions 
which accompanied it has nowhere been found. 

The question naturally arises, was the table of refractions which New¬ 
ton transmitted to Tlamstead, similar in all resx)ects to the one communi¬ 
cated by Halley to the Royal Society? In order to establish this point in 
the afEirmative, it is necessary, in the first instance, to shew that both 
tables were calculated upon the same hypothesis resjDecting the constitu¬ 
tion of the atmosphere. M. Biot was the first who proved by strict cal¬ 
culation, that a theory of atmospheric refraction, in which the densities of 
the successive strata of air are supposed to be xDroxJoi’tional to the pressures, 
is capable of furnishing results identical with the refractions contained in 
Halley’s tablef. This was soon afterwards demonstrated still more un¬ 
equivocally by Ivory J, It appears, therefore, that both tables in ques¬ 
tion were constructed upon the same principles. The sole object that 
still remained to be accomplished, in order to disx)el all doubts respecting 
their common origin, was to establish the identity of their numerical 
results. This lias been effected by the aid of a jiassage of Newton’s letter to 
Flamstead, wherein he mentions that if the refraction at 3° of altitude be 
13' 20" the table may be relied tqion as exact to a second for all altitudes 

* Strictly speaking, the theorem requires that the distances from the centre of the 
earth should be in harmonical proportion ; but on account of the immense magnitude of 
the terrestrial radius, compared with the altitudes of the successive strata of air, they may, 
without any sensible error, be taken in arithmetical progression. 

*f- Connaissance des Temps, 1839. Addit., p. 105. 

4: Phil. Trans., 1838, p. 183. 
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above 1.0°. Now it appears by reference to Halley’s table that the refrac¬ 
tion at 3° is therein also equal to 13' 20". The conclusion, therefore, is 
unavoidable, that the refractions communicated by Newton to Tlamstead 
and Plalley, were both copies of the same original table, and that the latter 
was calculated upon the hypothesis that the densities of the successive 
strata of air are proportional to the pressures. This hypothesis neces¬ 
sarily implies a uniform temperature of the atmosphere. 

It may well excite surprise, that, after Newton had established a theory 
of refraction which agreed in so many of its fundamental principles with the 
actual constitution of the atmosphere, and had also succeeded in accurately 
working out its results, he declined, notwithstanding, to communicate an 
account of his researches to the world. He was probably induced to adopt 
this course from a consciousness of the inadequacy of his theory to repre¬ 
sent the actual refractions with all the accuracy demanded by the existing 
state of practical astronomy. We have seen that he did not fail to per¬ 
ceive that the rarefaction of the air in the lower regions of the atmosphere, 
would cause the refractions near the horizon to be in reality less than 
those assigned by theory. It does not appear, however, that he attempted 
to correct his results by taking into consideration the inlluence of tempera¬ 
ture. He, doubtless, was of opinion that the law of the variation of this 
element in ascending from the surface of the earth, was too imperfectly 
known to justify the hope of ascertaining its effect upon refraction by a 
process of strict calculation. Indeed it may be asserted that the question 
with respect to the mean influence of temperature upon the constitution 
of the atmosphere, has proved a stumbling-block to every astronomer and 
mathematician who has undertaken to investigate the laws of refraction, 
from Newton’s time down to the present day. 

Although Cassini’s table of refractions was generally adopted by astro¬ 
nomers, on account of its satisfactory agreement with tiie results of obser¬ 
vations, it was well known that the hypotliesis of a homogeneous atmosphere, 
upon which it rested, did not truly represent tlie actual state of nature. 
In 1702 La Hire attempted to detei’inine the path pursued by a ray of 
light through the atmospliere, by taking into account the vai'iable density 
of the air; but his investigation not being grounded upon accurate 
2 )hysical principles, the conclusion at which lie arrived was necessarily 
erroneous •>'. In 1714, J. Cassini sought to effect the same object by arbi¬ 
trarily assuming several curves as representatives of the path of a ray 
of light through the atmosphere, and trying which of them agreed best 
with the observed refractions. He found that by supposing the path of 
the ray to be circular, the refractions were represented better than by his 
father’s theory j-. It is hardly necessary to remark, that a problem so 
intricate as that of atmospheric refraction, does not admit of even an 
approximate solution by a process so purely tentative as that above 
hinted at. 

The first investigation of the problem of astronomical refraction upon 
sound physical j:)rhicipl(3s, or at any rate the one which was first commu¬ 
nicated to the world, is due to the celebrated mathematician, Brooke 
Taylor. At the end of his treatise, “ Methodns Incrementorum,” pub¬ 
lished in 1715, he employs Newton’s doctrine of refraction, as expounded 
in the sixth section of the first book of the Principia, to investigate the 
curve described by. a ray of light in its passage through the atmosphere. 


* Mem. Acad- des Sciences, 1702, p. 182. 


4 Ibid., 1714, p. 33. 
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Assuming tLat the refractive power of the air is projportional to its density, 
and that the densities of the successive strata of air are proportional to 
the pressures, he succeeded, by the aid of analysis, in obtaining a rigorous 
solution of the problem; but the results at which he arrived were not ex¬ 
hibited in a form that was commodious for calculating a table of refractions. 
It is a remarkable fact, that while Taylor deduced the expression for 
the differential of refraction with all desii’able accuracy, he stood in this 
respect almost alone, until Kramp published his researches on refraction 
towards the close of the eighteenth century'"'. 

In 1729 Bouguer investigated the theory of astronomical refraction in a 
memoir which obtained for him the pifze of the Academy of Sciences of 
that year. Instead of ad 020 ting the Newtonian doctrine of refraction, he 
imagined the incessant deflection of a ray of light 2 ’>i’o<i®< 3 ding from a 
celestial body through the atmosphere, to txe occasioned by the action of 
a substance jjervading the aerial fluid, which he termed the refractive 
matter, and which he sup 2 xosed to dilate gradually in ascending from the 
surface of the earth. Assuming a certain hy 2 ') 0 thesis with resx^ect to the 
dilatation of the refractive matter, he deduced a theorem for computing 
the refraction corres 2 oonding to any assignable altitude. The values of 
the constants upon which the 25x'actical application of this theorem rested, 
were determined by means of twn observed refractions. These were tho 
horizontal refraction, which he fixed at 33', and the refraction at 20° of 
altitude, which he made equal to 2 ' 12". He then computed a table of 
refractions extending from tlie hoi'izon to the zenith, which was found to 
exhibit a tolerably satisfactory agreement with observation. 

In 1743 Thomas Simpson published his “ Mathematical Dissertations,” 
which contained an investigation of the jii’oblem of astronomical refraction. 
He remarked that the hypothesis respecting the constitution of the atmo¬ 
sphere which assumed the densities of the successive strata of air to be 
proportional to the pressures, was manifestly erroneous; for although it 
was quite true in the case of a uniform distribution of heat, it was inappli¬ 
cable to the actual state of nature, in consequence of the air in the upper 
regions of the atmosphere being colder, and thei-efore less elastic, than 
the air near the surface of the earth. Hence, instead of siqiposing the 
densities of the successive strata of air to diminish in geometrical progres¬ 
sion, which is the law corresponding to a uniform temperature, he su2i- 
posed them to dimmish by equal degrees as the altitude aboA-e the earth’s 
surface increased, or, in other w'ords, he supposed them to diminish in 
arithmetical progression relative to the altitude. Assuming the Newtonian 
doctrine of refraction as the basis ol his inv’^estigation, he deduced a very 
concise theorem for calculating the refraction corresponding to any assigned 
zenith distance. The constants involved in this theorem w’ere determined 
by rneans of two observed refractions, for Avhich he was indebted to Dr, 
Bevis, a contemporary astronomer. These were the horizontal refraction, 
which was valued at 83', and the refraction at 30° of altitude, winch was 


]V^. IVIattliiGUi, in bis intGiGSting- note on tlio tliGory of usfronoi-nica.1 refraction inserted 
at the end of Delambre’s “ Histoire de 1’Astronomie au Dixhui(ieme Siocle,” has remarked 
that the expression for the differential of refraction assigned by Taylor is not rioorously 
true. M. Plana, however, has very plainly shewn that this remark is not correct., beinf*- 
^ite irreconcilable wim the process of investigation, as well as the numerical data o'! 
iaylor. (Mem. Acad. Tur., vol. xxxii., p. 61.) M. Matthieu’s mistake arose from attach¬ 
ing too literal a signification to a verbal expression employed by the English mathema- 
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fixed at 1' 80'''.5. By tlie aid of these data Simpson calculated a table of 
refractions, which was found to agree sufficiently well, under certain 
restrictions, with the results of observation in all those cases wherein 
the altitude was considerable. Another table was calculated by him, 
in which the fundamental refractions were somewhat larger than those 
above stated- This modification of the original table was intended to 
meet the case of a low temperature of the atmosphere. M’. Matthieu was 
the first who shewed that Simpson’s theorem is in point of fact identical 
with the one which Bouguer had deduced a few years previously, by 
means of an investigation founded on a totally different conception of the 
nature of refraction. 

While mathematicians were engaged in researches on the theory of 
atmospheric refraction, astronomers were endeavouring, by the aid of ob¬ 
servation, to calculate tables w'hich should he capable of assigning the 
magnitude of refraction at any altitude above the horizon. It was long, 
however, before they perceived the necessity of taking into account the 
corrections depending upon the variations of the pressure and temperature 
of the air. Halley w’^as the first who remarked that the quantity of refrac¬ 
tion must necessarily vary wdth the weight of the atmosphere. In 1720 
he read before the Royal Society a paper relating to J. Cassini's researches 
on the parallax of Sirius, wherein he asserted that Hawksbee having 
demonstrated by experiment that the refractive power of the air is propor¬ 
tional to its density, it follow'ed that if the barometer were supposed to 
vary from 28 to 30 inches, or one-fifteenth part, the quantity of refraction 
at every altitude would undergo an equal degree of variation, and hence 
he inferred that the refraction of Sirins, wffiich %vas 1' 65", might fluctuate 
from this cause to the extent of 7" or 8" We have already seen that 
Picard found reason to suspect that the refractions were affected by the 
variations of temperature. Ra Hire denied that observation afforded any 
proof of the refractions being liable to fluctuate from such a cause. No 
further notice of the sulqect appears to have been taken by any astro¬ 
nomer until Le Monnier directed attention to it on tlio occasion of bis 
publication of the TIistoire Celeste, in the year 1741. In the introduction 
to that work he asserted that the variations in the temperature of the 
atmosphere exercised a sensible influence on the refractions of the celestial 
bodies. From a great number of observations of circumpolar stars, made 
by him during the greatest heat of summer and the most intense cold 
of winter, he inferred that, at 4° 44' of altitude, the variation of refraction 
was 2', corresponding to a variation of the thermometer amounting to 36°. 

The three celebrated astronomers, Bradley, Racaille, and Mayer, whose 
labours, in so many respects, form the commencement of a new era in the 
history of astronomy, simultaneously introduced the practice of applying * 
to a mean table of refractions, the corrections depending upon the daily 
fluctuations of the bai'ometer and thermometer. From observations of the 
least and greatest altitudes of circumpolar stars, and of the altitude of the 
sun at the equinoxes, Bradley deduced a theorem of great simplicity and 
elegance for computing the mean quantity of refraction corresponding to 
any given altitude. The variable effect depending on the pressure of the 
atmosphere offered no difficulty, being simply proportional to the oscilla¬ 
tions of the barometer. The correction for the variation of temperature 
was a delicate point of investigation. By instituting a careful comparison 


* Phil. Trans., 1720, p. 3. 
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between the actual refractions, as determined at the extreme degrees of 
heat and cold throughout the year, Bradley deduced a rule for com¬ 
puting its values, which was found to present a remarkable agx'eement 
with the results of observation. The application of the corrections for 
pressure and temperature to the theorem for computing the mean refrac¬ 
tions, furnished him with a general rule for computing the q^uantity of 
refraction, cori'esponding to any apparent altitude, and under every condi¬ 
tion of the atmosphere, with respect to pressure and temperature. The 
refraction at 45°, when the barometer stood at 29.6 inches, and the 
thermometer at 50° Fahrenheit, was fixed by him at 56''.8. The general 
rule assigned by him was found to give results of remarkable accuracy, 
as far as 80° of zenith distance, and until about the beginning of the 
present century it was almost universally used in the computation of 
astronomical refractions. 

Mayer’s formula for refraction appeared in a posthumous work, contain¬ 
ing his solar and lunar tables, which was published at Tondon in the 
year 1770 The main peculiarity of this formula was the thermometric 
correction, which, although somewhat different from Bradley’s, was found 
to represent the effects produced by the variations of temperature with 
very great accuracy. Lacaille’s researches on refraction Avere founded on 
a comparison of a great number of observations made by him at the 
Gape of Good Hope with corresponding observations made at Paris. By 
a comprehensive and skilful discussion of these observations he succeeded 
in forming a table of refractions extending from the zenith to a distance 
of 6° from the horizon. He made the refraction at 45° equal to 60''.5, the 
barometer being supposed to stand at 28 French inches, and the thermo¬ 
meter at 10° Beaumur. This determination was manifestly too great by 
6" or 7", a circumstance which seemed inexplicable when the acknow¬ 
ledged accuracy of Lacaille, as an observer, was taken into account. 
Maskelyne was the first who traced the error to its true source, namely, 
to a defect in the instrument of Tacaille Delambre, by various calcula¬ 
tions, has fully verified the assertion of the English astronomer J;. 

The theory of astronomical refraction continued throughout the whole 
of the eighteenth century to exercise the talents of the most eminent 
geometers of Europe. Its slo\v imxxrovement is mainly attributable to 
the imperfect knowledge that prevailed respecting the actual constitution of 
the atmosphere. In 1799, Kramp, a German mathematician, published a 
work containing a more complete investigation of the subject than any 
w'hich had hitherto appeared. It had been already ascertained that, ex¬ 
cept for low altitudes, there were several hypotheses respecting the law 
^ of the density of the air that were capable of representing the observed 
refractions with almost the same degree of accuracy, provided the values of 
the constants were determined with sufficient precision. Kramp com¬ 
menced his researclies by supposing that the densities of tlio successive 
strata of air diminish in the same ratio with the pressures, an hyj)othesis 
which implied that the temperature of tlic air is uniform. By a rigorous 
analysis he deduced an expression for refraction involving two constants, 
the values of which it was possible to determine without having recourse to 
astronomical observation. These were the refractive power of the air, and 
its density at the surface of the earth corresponding to a given height of the 

* Tabulse Motuum Solis et Lunoo. Lond., 1770. 

-j- Phil. Trans., 1787, p. 173. 

i Hist. Ast. au Dixhuiti^me Si^.cle, pp, 485-89. 
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barometer. We have seen that Cassini, Bouguer, and Simpson succeeded 
in determining the elements of their respective theories, only by means of 
two observed refractions of a celestial body. Kramp imagined that the 
formula he had deduced from the hypothesis of a uniform temperature 
would serve to represent the observed refractions as far as 84“ of zenith 
distance. This, however, was awarding to it a greater degree of accuracy 
than it was really entitled to. For the refractions near the horizon he 
adopted a more comprehensive view of the subject, by taking into account 
the influence of temperature in modifying the law of the density of the 
air. 

The illustrious Laplace was the next person who contributed by his 
labours to the improvement of the theory of astronomical refraction- By 
pursuing a method of investigation founded upon the omission of small 
quantities, the influence of which, under certain conditions, would be 
insensible, he deduced a formula for refraction, which possessed, the advan¬ 
tage of being independent of any hypothesis respecting the constitution of 
the atmosphere. The constants were the same as those which Kramp 
had introduced into his results. The importance of such a formula as 
that discovered by Laplace must be very obvious, when the difficulty of 
ascertaining the law of -the density of the atmosphere is taken into con¬ 
sideration. It is but just, however, to state that the illustrious geometer 
referred to was anticipated on this occasion by Oriani, who had been con¬ 
ducted, by an investigation of the subject, to a similar result several 
years previous to the publication of the Mecanique CHeste 

Laplace found, by strict investigation, that no appreciable error would 
be entailed on the final results by the peculiar mode of procedure which, 
he employed in deducing the above-mentioned formula, so long as the zenith 
distance did not exceed 74°. The investigation of the law of refraction 
towards the horizon was attended with extreme difficulty, since it de¬ 
pended upon the peculiar constitution of the atmosphere, which in a great 
degree was unknown, on account of the uncertainty that prevailed respect¬ 
ing the pi'ecise influence of temperature. Having remarked that an 
atmosphere whose density diminished in geonieti'ical pi’ogression made 
the refractions towards the horizon too great*, while, on the other hand, 
one whose density diminished in arithmetical progression made the same 
refractions too small, Laf)lace was led to believe that an hypothesis which 
should combine both laws of progression would probably afford an accurate 
representation of the true constitution of the atmosphere. Pursuing this 
idea he investigated the law of refraction for low altitudes, and deduced a 
formula which he adapted so as to represent the observed refraction at the 
horizon. By means of this formula, which was designed to represent the 
refractions of all zenith distances greater than 74°, and the formula 
already referred to, which was applicable to the remaining part of the 
quadrant, a table of refractions was calculated under the superintendence 
of the French Dureait des JLojigitudes, and was first published in the year 
1806. The refractive power of the air was determined astronomically, 

* The investigation alluded to in the text, according to Plana, appeared in the Milan 
JEphemeris for 17ft8. (^Mern. jLcad. Tur., tome xxvii.) Oriani’s remarks upon the ex¬ 
pression deduced by him are very clear in reference to the question of its generality. 
The following are his words, as cited by the philosopher just mentionetl:—“ Quee ex- 
pressio a nulla pendet hypothesi, vel circa caloris legem in atmosphsera, vel circa aeris 
densitatera in variis A telluris superficie distantiis.” 
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and also by direct experiments -vvitli the prism. Delambre, by a dis¬ 
cussion founded upon a great number of Piazzi's observations of circum¬ 
polar stars, and also several hundreds of his own observations of the sun, 
determined the refraction at 45° of altitude to be equal to 57'''.58, the 
barometer being supjiosed to stand at S9.6 inches, and the thermometer 
at 50° Fahrenheit. MM. Arago and Biot, by means of expeiiments with 
the prism, obtained a result indicating that, at the same altitude, and 
under the same conditions of temperature and pressure, the refraction 
of the atmosphere was equal to 57''.65. The agreement of this quantity 
with that found by Delambre must be regarded as very satisfactory, 
especially when the widely different nature of the methods employed in 
determining them is taken into account. 

The table of refractions calculated upon the basis of Laplace’s formula 
was found to represent the obsei'ved refractions better than any other that 
had been hitherto used by astronomers. It has since been j)tiblished 
annually in the Connaissance des Temps, and has always been held in 
great esteem for its accuracy. From the zenith to a distance of SO’’ the 
results agree with the observed refractions to within T''. For lower 
altitudes they exhibit a small error in excess, which increases continually 
towards the horizon In the Connaissance des Temps for 1851, M. 
Oaillet has calculated the table anew upon the same basis, the results 
being worked out to a greater degree of accuracy, so as to adapt them to 
the present advanced state of astronomical science. 

From the relation between the density and pressure of the atmosphere, 
assigned by his theory, Laplace deduced the law of the diminution of 
temperature in ascending from the surface of the earth. He endeavoured 
to verify his theory in this respect by comparing it with a thermometric 
experiment made by Gay Lussac at an altitude of 6980 metres above the 
level of the Seine, on the occasion of his famous ascent from Paris in a 
balloon. The result of this comparison was considered by Laplace to 
afford a satisfactory confirmation of his theory, for a near agreement be¬ 
tween the actual and calculated temperatures could not be expected to 
take place, on account of the oscillations that incessantly occur in the 
atmosphere. It must be admitted, however, that in the present instance 
the representation of the actual constitution of the atmosphere was far less 
satisfactory than in the case of the refractions, even after assigning their 
due weight to such temporary causes of discordance f-. 

In 1814, Dr. Brinkley communicated to the Loyal Irish Academy a 
paper on the theory of asti'onomical refraction. Assuming, as facts esta¬ 
blished by experiment, that the sines of the angles of incidence and re¬ 
fraction hear a constant ratio to each other when the media remain the 
same, and that for media of different densities the refractive power is pro¬ 
portional to the density, he deduced the formuhe for refraction correspond¬ 
ing to various hypotheses respecting the constitution of the atmosphere, 
without having recourse to the Newtonian doctrine relative to the attraction 
of particles at insensible distances. From 525 of his owm observations of 
circumpolar stars, he determined the I’efraction at 45° to be 57''"'.42, tlie 
barometer standing at 29.6 inches, and the thermometer at 50° Fahren¬ 
heit. Tables were given by him in the same paper to facilitate the calcu¬ 
lation of refractions X- 

* PhiL Trans., 1838, p. 186. -j- >See Mec. Cel,, tome iv., p. 265. 

$ Trans. Roy. Irish Acad., vol. xii., p. 77, et seq. 
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In 1823 the late Mr. Ivory communicated to the Royal Society an im¬ 
portant paper containing an account of his researches on the theory of 
astronomical refraction Its chief peculiarity consisted in the mode in 
which the influence of temperature was considered. Raplace, as we have 
seen, did not introduce this element explicitly into his researches. He 
merely assumed an hypothesis respecting the constitution of the atmo¬ 
sphere, which he conceived would be adequate to account for the effects 
depending upon the combined variations of temperature and pressure 
in ascending from the surface of the earth. But although the results 
calculated on this hypothesis exhibited a remarkable accordance with ob¬ 
servation, in so far as regards the refractions of the celestial bodies, still 
it was desirable to attain the same degree of accuracy by means of a 
theory in which the temperature of the air appeared in an explicit form as 
one of the fundamental elements upon which the ultimate results were 
based. In the outset of his researches Mr. Ivory supposed the tempera¬ 
ture of the air to diminish at a uniform rate corresponding to equal 
increments of altitude. In order to calculate the refractions upon this 
hypothesis, it was necessary to ascertain the actual diminution of tempera¬ 
ture corresponding to a given elevation above the surface of the earth. 
Mr. Ivory determined the value of this element by a comparison of 
thermometric experiments made at various altitudes by Gay Lussac, 
Ramond, and Plumboldt. The resulting refractions agreed very well with 
the corresponding quantities deduced from observation ; but as the hypo¬ 
thesis upon which they rested, assigned to the atmosphere a height 
considerably less than was otherwise probable, Mr. Ivory rejected it, and 
adopted another founded upon a somewhat different law of temperature, 
the accuracy of which he verified by shewing its agreement with the actual 
temperature and pressure of the air as deduced from experiments made at 
various altitudes above the level of the sea. The initial rate of the 
diminution of temperature, being a fact estaldislied by experiment, was 
necessarily the same in this as in the previous hypothesis. Mr. Ivory 
having deduced the results of his theoiy by a process in which his 
mathematical genius is strikingly conspicuous, employed them in calcu¬ 
lating a new table of refractions. The elements were identical with those 
of the French tables, except that the constant representing the initial rate 
of the diminution of temperature was used instead of the horizontal 
refraction. The resulting refractions were found to agree with observation 
as nearly as any that had been hitherto calculated. 

Mr. Ivory’s theory of refraction possessed the advantage of being 
founded upon elements, the values of which it was possible to ascertain 
without having recourse to astronomical observation. It was also found to 
present a closer, as well as a more general, agreement with the actual 
diminution of temperature in ascending from the surface of the earth than 
any previous theory had done. Moreover, the results were obtained by 
employing an expression for the variation of the density of the atmosphere 
that was characterised by an extreme degree of simplicity. M. Plana is 
inclined to doubt whether any new theory of refraction, whatever peculiar 
advantages it may seem to hold forth, will be found which shall be capable 
of assigning results of the same degree of accuracy by means of an equally 
simple law of density f. The same distinguished philosopher has shewn that 

* Phil. Trans-, 1823, p. 409, et seq. 

•f* Mem. Acad. Tur., vol. xxxii,, p. 172. 
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by applying Ivory’s law of the diminution of temperature to the superior 
regions of the atmosphere, the result agrees very nearly with that deduced 
hy M. Fourier, relative to the mean temperature of the planetary regions 
depending upon the radiation of heat from the celestial bodies. Mr. Ivory 
developed his theory more fully in a paper which he communicated to the 
Royal Society in the year 1838*. 

No essential improvement has been made in the theory of astronomical 
refractions since the publication of Mr. Ivory’s remarkable results. The 
labours of those eminent geometers who have subsequently directed 
their attention to the subiect, serve only to shew that the most con¬ 
summate mathematical skill, apart from experimental researches, is no 
longer adequate to this end. A review of the progress of this interesting 
branch of physical enquiry cannot fail to suggest the conclusion that the 
steps which have led to its present advanced condition are mainly due 
to the successive labours of Newton, Taylor, Oriani, Kramp, Taplace, and 
Ivory. ^ With respect^ to Newton, we allude solely in this remark to his 
exposition of the doctrine of refraction generally upon physical principles, 
since his unpublished researches on astronomical refraction, considered as 
a special branch of enquiry, could not possibly exercise any influence on 
the labours of his successors. On the other hand it is impossible to 
peruse without feelings of intense admiration the account of that illus¬ 
trious philosopher’s researches, as exhibited in Iris correspondence witlr 
Flamstead. The accurate conceptiou which he forms of the relation 
X)etvveen the phenomenon of refraction and the density of the refractive 
medium, the acuteness which he displa^’^s in detecting the various sources 
of its incessant fluctuations, and the sagacity with which ho combines the 
physical elements upon which it depends, so as to form the groundwork 
of a profound mathematical investigation—are all unequivocal indica¬ 
tions of a genius of the most exalted order, and such as proclaim, in no 
unvrorthy language, the immortal author of the Principia. Previous to 
the publication of his correspondence with Flamstead, it was supposed 
that his researches on. the subject did not extend beyond the explanation 
of the general phenomena of refraction by mechanical principles, and the 
determination of the law of the density of the atmosjphere upon the hypo¬ 
thesis of a uniform temperature. It no^v appears that, by a beautiful 
application of his theory of central forces, he completely solved the 
problem of atmo.3plieric refraction upon more than one liypotbesis respect¬ 
ing the law of density. Tlie only real step in advance that has been made 
by Newton's successors consists in the introduction of the element of tem¬ 
perature into the researches on the subjectf. The intimate couno.xion of 
tliis principle with the density of the atmosphere, and its consequent 
influence upon the refraction of a celestial body, did not fail to be discerned 
by him, but tho imjjerfect state of thermotics in liis time rendered 
hopeless any attempt to investigate the effects pi-oduced by it. 

Whatever improvements may be effected in the theory of astronomical 
refraction by future enquiiy will, in all probability, depend upon tho 


* Phil. Trans., 1838, p. 169, et seq. 

.d* f® woithy of rennark that those geometer.s who refused to admit the Newtonian 
jmneiple of the attraction of the molecules of matter, failed by means of any other hypo¬ 
thesis to deduce the rigrorous expression for the differential of refraction. Thus Plana 
has shewn Acad. Tur., tomes xxvii, xxxii.) lhat'the expressions assigned by D. Ber- 

j ’ i-.ambert, and Lagrange were all more or less erroneous. Kramp, Laplace, 
and all modem enquirers, except Brinkley, have employed the Newtonian theory. 
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success of experimeiital researclaes on the constitution of the atmosphere, 
instituted mainly -with a view to ascertain, with a greater degree of preci¬ 
sion, the mean law of the density of the air and the influence of the 
aqueous vapour diffused throughout the different strata. It is a fortunate 
circumstance that, except in those cases wherein the zenith distance is 
considerable, theory is capable of representing the observed refractions 
independently of a knowledge of the law of density. The question rela¬ 
tive to the influence of the aqueous vapour suspended in the atmosphere 
is still involved in great obscurity, notwithstanding the researches of 
several eminent modern philosophers on the subject 

On accouut of the imperfect state of the theory of refraction, many 
astronomers have been induced to rely mainly upon their own observations 
for the means of constructing tables which shall assign with precision the 
numerical value of this correction, corresponding to any given altitude. 
Allusion has already been made to the labours of Bradley and his con¬ 
temporaries, with a view to the attainment of this end. In more recent 
times the subject has occupied the attention of many eminent astronomers. 
Piazzi, while engaged in the construction of his great catalogue of stars, 
employed a table of refractions which he deduced wholly from his own 
observations. Groombridge, Oarlini, and many othei" astronomers of the 
pi’esent age, have distinguished themselves by researches of a similar 
nature. The labours of Bessel on this subject were worthy of his com¬ 
manding powers of investigation. In the Berlin Ejphemeris for 1813, 
he determined the refractions deducible from Bradley’s observations. He 
resumed the subject in the Fundct-merLtci A.stronom%ce, employing the 
®f theory to aid him in his researches. In the CTabulis 
B^giomontanm he has given a table of refractions extending from the 
zenith to a distance of 88^°. This table, being founded upon a skilful discus¬ 
sion of a great number of accurate observations, is regarded as one of the 
most trustworthy that has been hitherto calculated, and in consequence 
is generally used by the astronomers of the present day. 

jSTo table has yet been calculated wliicli is capable of rep)resenting the 
refractions near the horizon with a degree of precision adequate to the re¬ 
quirements of a.strononiioal observation. The p)hysical constitution of the 
atmosphere, which fails to exercise any sensible influence on the refrac¬ 
tions at considerable altitudes, p)la 3 ’-s an important part when the rays of 
light from the celestial bodies enter the refracting medium in very 
oblique directions ; and, being liable to incessant oscillations from meteoro¬ 
logical causes, it occasions thereby corresp)onding variations in the re¬ 
fractions f. Irregularities in this manner arise which are found to be 

* The I’efractive jiower of aqueous vapour exceeds that of air of the same density; but 
it has been found that under llie same pressure of the atmosphere, the density of air exceeds 
that of the vapour suspended in it, nearly in the same proportion. Hence the influence 
of aqueous vapour upon refraction has been generally supposed to be insensible. 

'f If the earth was bounded by a plane surface, and the air was arranged in strata 
parallel to it, the refraction suflered by a ray of light proceeding from a celestial body, 
would be the same as if it had at once passed from the ethereal regions into the air 
at the earth’s surface. Hence, in such a case, the quantify of refraction corresponding to 
any given altitude might be deduced simply from researches on the density of the air 
at the earth’s surface, independently of a knowledge of the law according to which Ithe 
density varied. Now, when a ray of light proceeds from a celestial body near the zenith, 
it is manifest that, although the strata of air are in reality disposed in concentric spherical 
shells, they are nearly parallel to each other at the points where the ray impinges upon 
them. On the other hand, if the ray proceeds from a celestial object, situate near the 
horizon, it enters the atmosphere in a very oblique direction, and consequently the strata 
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altogetlier independent of tlie usual indications of the barometer and 
thermometer. Such, anomalous effects are doubtless attributable to 
changes in the upper regions of the atmosphere, the nature and extent of 
■which the observer is unable to ascertain even with the smallest degree of 
success. It would, therefore, appear to be a work of supererogation to 
calculate the mean refractions for low altitudes when the appropriate 
corrections to be applied to them do not exhibit sufQcient indications 
whereby their values may be determined. The mode of procedure that 
appears to be best adapted for overcoming this difficulty, consists in an 
extensive study of meteorological phenomena, with a view to ascertain the 
laws of those oscillations which affect the mean condition of the atmo¬ 
sphere at different altitudes above the surface of the earth. It is 
gratifying to think that this branch of physical enquiry is at length 
beginning to receive an amount of attention adequate in some degree to 
its paramount importance. 

The-grand discovery of the Aberration of Tight I’esulted in an attempt 
to detect the annual parallax of the fixed stars. Although the facts re¬ 
vealed by the invention of the telescope and the discovery of gravitation, 
had the effect of establishing beyond all doubt the truth of the Oopernican 
system of the world in the minds of astronomers, still it was desirable to 
obtain an assurance on this point, founded upon an argument which ap¬ 
pealed more directly to the senses than any that had been hitherto adduced. 
The absence of any appreciable change in the positions of the fixed stars, when 
observed at opposite extremities of the terrestrial orbit, was one of the earliest, 
as it was unquestionably the most serious objection that had been urged 
against the earth’s motion ; and it was always considered that the detection 
of such a change by observation would furnish an irrefragable proof that 
the earth is not the centre of the solar system. Astronomers in various ages 
had attempted to accomplish this object, but all their efforts had hitherto 
proved fruitless. One of the methods which seemed to be best adapted 
for this purpose was that employed by Hooke, of observing stars whose 
zenith distance is small, since the effects arising from any uncertainty 
in the value of refraction are thereby, avoided. That astronomer had 
selected for the object of his enquiry the bright star y Draconis, which 
passes within a few minutes of the zenith of Gresham College, wlierc 
his instrument was erected; and by observing it carefully at different 
seasons of the year, he came to the conclusion that it had a sensible 
parallax. It was with the view of verifying the interesting result an¬ 
nounced by Hooke that, towards the close of the j’^ear 17^25, Molyneux, 
an amateur of astronomy, resolved to uudertake a series of observations 
of the same star. In pursuance of this design he caused a large zenith 
sector to be constructed by Graham, the famous mechanician, which he 
erected at Kew, his place of residence. On the 3i*d of December, 
1725, the instrument w’as for the first time employed in determining 
the position of the star as it passed the zenith. Similar observations 
were also made on the 5th, 11th, and 12th of the same month, but no 
change in the position of the star having been detected, a circumstance 
which was naturally accounted for by the position which the earth then 
occupied in its oi’bit, it was deemed unnecessary to make any further 

at the points of impact rapidly diverge from parallelism. It is manifest, therefore, that 
while in the former case the law of the density of the atmosphere may be dispensed with, 
in computing the quantity of refraction, without entailing any material error, the same 
course of procedure cannot he pursued with equal safety in the latter case. 
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observations until tbe season of the year should arrive when the effect 
produced by parallax would be most readily apparent It was, therefore, 
more from curiosity than any other motive, according to his own state¬ 
ment, that Bradley, who was then at Kew, was induced to observe the 
star on the 17th of December. On this occasion the position of the star 
was found to be somewhat more southerly than it appeared to have been 
from the previous determinations. Suspecting that the discordance arose 
from an error in the observations, IMolyneux and Bradley again determined 
the position of the star on the QOth of December, when to their great 
surprise they discovered that it had advanced still further towards the 
south f. This circumstance was the more surprising, as the direction of 
the star’s apparent motion was opposite to that which would have resulted 
if the effect had been occasioned by parallax. The star continued 
to advance towards the south until ahout the beginning of March, 17S6, 
when it attained a distance of 20" from its original position. It now ap¬ 
peared for some time to be stationary, no sensible change of position having 
been indicated by several successive observations. About the middle of 
April it appeared to be returning towards the north, and by the middle of 
June it again passed the meridian at the same distance from the zenith 
as it did in the beginning of December. It continued to pursue the 
same direction until September, when its displacement towards the north 
became as great as it had been towards the south in the beginning of 
March. After remaining for some time stationary, it again reversed its 
motion, and finally arrived, in the beginning of December, in the same 
position which it occupied twelve months previously, allowing for the 
small change of declination, occasioned by the precession of the 
equinoxes. 

Tbe great regularity with which the phenomenon passed through its 
successive phases, clearly indicated that it was not accidental, but, on the 
contrary, that it arose from the uniform operation of some unknown 
jjhysical cause. A nutation of the earth’s axis suggested itself as xirobably 
cax)able of exx)laining the observed motion ;,but although this hypothesis 
accounted sufficiently well for the change of declination of y Draco?tis, it 
was soon found to be inconsistent with similar observations of other stars. 
This was more especially true with respect to a small star opposite in 
right ascension to y Draconis. In this case the direction of the apparent 
motion of the star was indeed such as would have resulted from a nutation 
of the earth’s axis ; but the actual change of declination was equal only 
to half that of y Draconis, whereas, if the phenomenon had been really 
due to a nutation of the earth’s axis, the change of declination would have 
been nearly the same for both stars. Their attempt to explain the 
phenomenon by refraction was also equally unsuccessful J. 

* The annual parallax of a fixed star in latitude, is at its maximum when the earth is 
situate in the plane of a great circle to the ecliptic passing through the star. In such a 
position it is manifest from the mathematical nature of a maximum or minimum, that the 
variation of parallax must be insensible. Now, since the star y Draconis is situate near 
the solstitial colure (in 1700 its right ascension was about 267'^), it is easy to see that 
the above condition would be nearly fuldlled about the time when Molyneux commenced 
his observations. 

f The loose picoe of paper upon which Bradley made the memorandum of this famous 
observation, has been found among his manuscripts. A fac-simile of this highly in¬ 
teresting relique is given by Rigaud in his M^iscellaneous Works and Correspondence 
of JBradley. 

:j: Their conjecture respecting the probability of the displacement being occasioned by 
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Being anxious to ascertain the laws of this singular phenomenon 
and to discover its physical cause, Bradley resolved to procure an in¬ 
strument for himself, so that he might make observations for that pur¬ 
pose with greater convenience. He therefore made Graham construct 
for him a zenith sector which measured 12^ feet in length, and had an 
arc of 6^®. By means of so large an arc he was enable to make choice 
of more than 900 stars of diJBPerent magnitudes contained in Flamstead’s 
Catalogue *; but his principal reason for having recourse to such a con¬ 
struction was, that he might observe Oapella, which was the only star of 
the first magnitude that passed near his zenith. 

The instrument having been erected at Wansted in Essex, on the 19th 
of August, 1797, Bradley proceeded forthwith to make observations with 
it, selecting such stars as appeared to be best adapted for throwing light 
upon the phenomenon f. Of these there were twelve that could be observed 
at all seasons of the year, being bright enough to be seen in the day-time 
when nearest the sun. He had not long continued his observations when 
he found that only those stars which were situated near the solstitial 
colure were farthest north and south when the sun was about the equi¬ 
noxes ; and he finally discovered it to be a general law that each star was 
farthest north when it passed the zenith about six o’clock in the evening, 
and farthest south when it passed about six in the morning. When his 
observations had extended over a whole year, he proceeded to compare 
them together, and having obtained a satisfactory knowledge of the laws 
of the phenomenon, he began to enquire into its probable cause. He had 
already arrived at the conviction that it could not be due to a nutation 
of the earth’s axis. He had also ascertained that it could not in any way 
arise from refraction. He now considered the effect of an alteration in 
the direction of the plumb line, but he soon found it was inconsistent with 
his observations. At length the happy idea occurred to 
his mind, that the phenomenon might be completely ac¬ 
counted for by the gradual propagation of light, combined 
with the motion of the earth in its orbit. The following 
is a brief exposition of the mode in which he conceived 
it to originate. 

Let o A be a ray of light falling perpendicularly upon 
the line db. Then, if the eye is at rest at a an object 
at c must appear in the direction a c whether light be 
propagated iu time or in an instant. But if the eye is 
moving from b towards a, and if light at the same time is 
propagated with a velocity that is to the velocity of the 
eye as o a to b a, then the particle of light which 
enters the eye at a must have been at c when the eye 
was at B. Hence, if b c be a tube capable of admitting 
only one particle of light, it is manifest that the particle 
at o will descend along the tube if it be inclined at the 
angle abc, but that it will not reach the eye if the tube he inclined 
at any other angle. In like manner, if b c represent the tube of a 
telescope through which the object is viewed, it must be inclined at 

t^fradapn, was founded on the supposition of an annual change in the figure of the at¬ 
mosphere, produced by the motion of the earth through a resisting medium- 

* The instrument of Molyneux had a range of only a few minutes; its length, how¬ 
ever, was twice that of Bradley’s. 

h Molyneux assisted Bradley in erecting Ms sector. On the 22nd of August, 1727, 
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the angle a b o, in order that the particle of light entering the eye 
at A, shall have descended along the optical axis of the telescope. If 
the eye had been moving with the same velocity hut in the contrary 
direction, viz., from x> towards a, then the tube must have been in¬ 
clined at the angle ado, which is equal to the former angle. Although 
therefore, the true place of the object at o, when viewed from a, is perpen¬ 
dicular to the direction in which the eye is moving, it will appear in the 
direction of the tube, and the magnitude of the displacement hence arising 
will manifestly depend upon the relation between the velocity of light and 
the velocity of the eye. If light moved 1000 times faster than the eye, 
the angle ab o would be equal to 89° 66^^, and the displacement of the 
object would consequently amount to 

Admitting that the earth revolves round the sun in an annual orbit, 
and that the velocity of light exceeds that of the earth, in the ratio of 
1000 to 1, it follows from what has been already stated, that an object 
situate in the pole of the ecliptic would appear during the course of a 
year to describe a small circle whose radius is equal to its true place 
being the centre of the circle. Bradley furtVier ascertained that an object 
situate in any other position of the celestial sphere would describe annually 
a small ellipse round its true place, the minor axis of which would coincide 
with the circle of longitude passing through the object. He also inferred 
from his hypothesis that the major axis of the ellipse would he equal to 
the radius of the small circle which au object situate in the pole of the 
ecliptic would describe, and that the minor axis would be to the major 
axis as the sine of the latitude to radius. 

Since the radius of the small circle, which an object situate in the pole 
of the ecliptic would thus seem to describe, depends upon the ratio of the 
velocity of light to the orbitual velocity of the earth, it is manifest that 
if the radius of this circle be determined by observation, the ratio in 
question may bence be readily ascertained. Now Bradley found from 
observations of y Draconis that the radius of the small circle amounted to 
20'^.2, whence he concluded that the velocity of liglit exceeds the velocity 
of the earth in its orbit in tlie ratio of 10,210 to 1. Ivnowing the velocity 
of tl'ie earth be hence obtained 8’“ 12“^ for the time winch liglit occupies in 
p)assing from the sun to the earth. By means of similar observations of 
various other stars he found tliat tlie major axis of the apparent ellipse 
described by each star, or in other words the diameter of the little circle 
which a star situate in the pole of the ecliptic would describe, was con¬ 
tained somewhere between 40'' and 41''. Assuming its true value to be 
40g" he hence inferred that light occupied 8*" J 3’ in passing from the 
sun to the earth. This appeared to him to afford an interesting con¬ 
firmation of his hypothesis, being a mean of the results deduced at dif¬ 
ferent times from the eclipses of Jupiter’s satellites. 

Having determined the maximum value of the inequality, Bradley next 


he thus writes in the journal of his observations at Kew ;—“Now Mr. Bradley’s instru¬ 
ment is set up and we go on comparing notes fro.m this time.” This plan of observing 
together was not, however, realised to any great extent. Only six observations subse¬ 
quent to the erection of Bradley’s instrument, arti recorded in the Kew Journal. The 
last i.s dated the 29th of December, 1727. Molyneux, having been appointed one of the 
Lords of the Admiralty a few months previously, doubtless found it to be incompatible 
with the due discharge of his olfficial duties, to continue his astronomical observations. He 
died in April, 1728. {'BXgaxxd's JHiscellaneous Works and Correspondence ojf JBradlej/.'y 

v 8 
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proceeded to compare its variations tliroughout the year, with the cor¬ 
responding numbers assigned by his hypothesis. The result of this 
comparison was in the highest degree satisfactory. Of seventy declina¬ 
tions of y Draconis determined in the course of a year, one only differed 
more than 2"'' from the hypothesis, and even in this case the observation 
was marked doubtful on account of clouds. The comparison of the ob¬ 
served and computed declinations of n Ursce JSIajoris exhibited an equally 
gratifying accordance 

The phenomenon referred to in the foregoing account received from 
Bradley the name of Aberration. Its discovery is universally regarded as 
one of the most important accessions which astronomical science has ever 
received. The sagacity which Bradley evinced as well in the establish¬ 
ment of its laws, as in the detection of its physical cause, would entitle 
him to a place among the greatest philosophers of ancient or modern 
times, even if no other triumphs had adorned his career. 

It has been mentioned that Bradley estimated the maximum of 
aberration at S0''''.25. Upon further consideration he was induced to fix 
it at 20'' The delicacy of modern researches on astronomy has ren¬ 
dered a closer approximation to the true value indispensable, even although 
the corrections assigned by the various enquirers who have devoted their 
attention to the subject, do not in any case exceed a few tenths of a 
second. Belambre, by comparing together observations of a thousand 
eclipses of Jupiter’s fii'st satellite, deduced 20".255 as the most probable 
yalue^of the coefficient of aberration. This result, as we have seen, agrees 
very nearly with that originally obtained by Bradley. Various deter¬ 
minations of this element, have been assigned by modern astronomers, 
which generally fluctuate between 20".7080 and 20".21I6. In 1844, 
Baily, having compared together all those that were known to him, de¬ 
duced ■20".4192 as the most probable value. This result has received a 
strong confirmation from the recent researches of MM. Peters and Struve. 
M. Peters, by means of a great number of observations made at Pulkowa, 
with a vertical circle constructed by Ertel, has determined the maximum 
value of aberration to be 20".481. M. Struve makes it 20".446 by a dis¬ 
cussion of observations made also at Pulkowa, with a transit fixed in the 
prime vertical 1. 


* Bradley’s account of this brilliant discovery is contained in the volume of the Philoso¬ 
phical Transactions for 1729. It will be seen that his researches are wholly founded on 
observations of the declinations of the stars. It does not appear that he attempted to 
verify his theory by means of right ascensions. At any rate he makes no especial allu¬ 
sion in his paper to the effect which the displacement would produce upon those co¬ 
ordinates, although the fact announced by him, that every star described an apparent 
ellipse necessarily implied variations in right ascension, corresponding to those in decli¬ 
nation. It is evident that he deemed observations of right ascension not to be sufficiently 
trustworthy for so delicate an investigation. In 1730 Manfredi asserted that his obser¬ 
vations, although subject to occasional irregularities, exhibited a motion in right ascen¬ 
sion, analagous to that which Bradley had detected in declination. (Comm. Acad. 
Bonon, vol. i. p. 634.) 

.+ Phil. Trans. 1748, p. 23. 

Struve’s Etudes d’Astronomic S.tellaire, p. 96. In the same work it is stated 
that M. Peters obtained 20''.676 for the maximum value of aberration with a probable 
error of by a discussion of certain observations of Flamstead’s which are contained 

Sn a letter from that astronomer to Wallis, published in the third volume of the Opera 
IMathematica of the latter. Flamstead was under the impression, that the variations of 
the star observed by him (^JPolaris') were occasioned by parallax. 
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When Bradley was engaged in investigating the phenomenon of aberra¬ 
tion, he found that in the case of some stars near the eq[uinoctial colure, 
the change of declination was greater than that which would have resulted 
from a mean annual precession of 60". Similar observations of stars 
near the solstitial colure, indicated an effect of a contrary nature, the change 
of declination being less than the quantity due to the same value of pre¬ 
cession. It was manifest, from this circumstance, that the phenomenon 
could not be attributed to an error in the motion of the equinoctial points. 
Bradley made repeated observations with the view of discovering its real 
nature from the year 17S7, when his instrument was first erected at 
Wansted, until 1733, the year of his removal to Oxford. During this 
interval of time some of the stars near the solstitial colure had changed 
their declination 9" or 10" less than the quantity due to a precession 
of 60" ; w'hile others near the equinoctial colure had exhibited an equal 
change of declination in the opposite direction. The north pole of the 
equator appeared to have approached the stars which came to the meridian 
with the sun about the vei-nal equinox and the winter solstice, and to 
have receded from those which came to the meridian with the sun about 
the autumnal equinox and the summer solstice. 

After pondering for some time on the phenomenon, Bradley began to 
suspect that it might arise from the variable action of the moon on the 
matter accumulated round the terrestrial equator. On account of the 
motion of the moon’s nodes, the inclination of the lunar orbit to the earth’s 
equator is in a state of perpetual change, whence it might readily be in¬ 
ferred that the eflScacy of the moon to disturb the earth would be subject 
to a corresponding variation. During a revolution of the moon’s nodes the 
inclination of the lunar orbit passes through all its values, increasing during 
the half of this period to the extent of 10°, and then returning during the 
other half to its original state. It therefore occurred to Bradley that the 
motion of the equinoctial points, which partly depends upon the disturbing 
action of the moon, w^ould be subject to an oscillatory movement of sensible 
magnitude, the period of which would coincide with the time of a complete 
revolution of the moon’s nodes. Upon comparing the observations of stars 
near the solstitial colure that were almost opposite in right ascension, he 
found that the change of declination, though opposite in direction, was 
equal in quantity; for while -y Draconis bad advanced northward, the 
small star 36 CamelopardaU appeared to have moved as far towards the 
south. A nutation of the earth’s axis was, therefore, in this case, capable 
of explaining the phenomenon, although it was found to be inadequate to 
that end, when the question referred to aberration. The same conclusion 
followed from a comparison of observations of other stars that, taken two 
and two, were nearly opposite in right ascension. 

In 1727, when Bradley commenced his observations, the moon’s ascend¬ 
ing node was in Aries, and the inclination of the lunar orbit wras at its 
maximum. In 1736 the lunar' node was in the beginning of Dibra, 
having completed half a revolution in virtue of its retrograde motion, 
and the inclination of the orbit had consequently now descended to its 
minimum. During the intermediate period the change in the declina¬ 
tion of stars near the solstitial colure, was less by 18" than that which 
would have resulted from an annual precession of 60"; for y JDraconis, 
which ought to have advanced about 8" farther towards the south, was ob¬ 
served in 1736 to be situate 10" more to the north than it was in 1737. If 
the phenomenon was supposed to arise from a change in the obliquity of 
the ecliptic, it would indicate a diminution equal to 1' in 30 years. As this 
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quantity gi'eatly exceeded the rate of diminution had hith^to 

deduced from the observations of astronomers. Brad ey wa i uce 
ascribe the phenomenon to an oscillation of the earth a axis, occa^oned by 
the disturbing action of the moon upon the terrestna eqna o .. IBeii g 
unable, however, by means of observations, extending on y over a peiio 
of nine years, to judge whether the axis would recover its folder position, 
he found it necessary to continue his observations throughout a whole 
revolution of the moon’s nodes. In the year 1^45» when t le inoon 
ascending node had again arrived in Aries, he had the satisiaction to rma 
that the stars returned to the same position which they would have 
occupied, if the inclination of the terrestrial axis had been the same as i 
was in I 715^7. This circumstance appeared to liim an induhitabie ijidica** 
tion that he had detected the true cause ot the phenomenon. ^ 

Machin, to whom Bradley communicated an account of Ins discovery, 
devised a geometrical theory of the phenomenon, by the aid of wnich I 10 
computed a table of its numerical values. He supposed that while the 
mean pole of the equator described a circle round the pole of the ecliptic, 
at the rate of 50''^ in a year, occasioning thereby the uniiorni motion 01 
precession, the apparent pole of the equator described round the mean 
pole, a small circle whose radius was equal to Q", being in that part of the 
circle which is farthest from the pole of the ecliptic when the moon s 
ascending node was in the beginning of Aries, and in the opposite point 
when the same node was in Tibra. 

Bradley proceeded to establish a strict verification of his hypothesis, Ly 
comparing it with a great number of his observations. The result of 
this comparison afforded a complete conlirmation of Ms views. Having 
computed the mean declinatiou of y Draconis from 300 distinct^ obser¬ 
vations, by applying to each observation the appropriate corrections of 
precession, aberration, and. nutation, he obtained a series of results which 
presented a remarkable agreement with each other. Eleven only wero 
found to differ so much as from the mean of the whole, while not 
or^e differed so much as 8" from it. The result was equally satisfactory 
in the case of several other stars, which he employed in testing his hy|)0- 
thesis 

It has been stated that Bi’adley fixed the coefficient of nutation at 9'^'. 
The researches of subsequent enquirers seem to indicate that the true 
value exceeds this quantity by a few tenths of a second. Maskelyne made 
it 9''.55. Taplace, by the aid of theory, deduced 9'^.40 as its most pro¬ 
bable value. Liindenau, by a discussion of a vast number of observations, 
extending from 1750 to 1815, and consequently including three complete 
revolutions of the moon’s nodes, obtained 8'''.989 for the coefficient of 
nutation. This result is now generally supposed by astronomers to fall 
below the true value. Dr. Brinkley, by comparing 1618 observations of 
different stars, made it 9^^.25. Henderson, from the value of the moon’s 
mass., indicated by his researches on the lunar equatorial parallax, deter¬ 
mined the coefficient of nutation to be 9''.28. Dr. Kobinsou, from up¬ 
wards of 6000 observations with the mural circle, made by Pond at 
Gtreenwich, between the years 1813 and 1835, deduced 9'’^.23913 as its 
moat probable value. Various similar evaluations have been effected by 
modern astronomers. Baily, by a careful comparison of all the results, 
cam© to th© conclu&ion that the most probable value of the coefficient is 
a'^25. 


* See the original Memoir of Bradley CPbil, Trans., 1748, p. 1 et seq.). 
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In order to render obseirvations of the planets available as elements of 
theoretical research, it is necessary to reduce them from the place of ob¬ 
servation to the sun, the physical centre of the planetary system. Two 
steps are req^uisite for this purpose. The first consists in reducing the 
apparent position of the planet from the place of observation to the centre 
of the earth. To this end it is indispensable to obtain a knowledge of 
the diurnal or geocentric parallax, in other words, the apparent displace¬ 
ment occasioned by viewing the body from a point on the surface of the 
earth instead of its centre. The second step in the reduction of a planetary 
observation, consists in transferring the position from the centre of the 
earth to the centre of the sun. This object is effected by means of the 
annual or heliocentric parallax. When once the absolute magnitude of the 
terrestrial orbit has been determined by means of the solar parallax, the 
heliocentric parallax of any planet, is readily ascertained by the aid of 
Kepler’s third law. The reduction of a planetary observation is thus 
ultimately made to depend upon the evaluation of the solar parallax. The 
progress of researches on this important subject has already been briefly 
alluded to in one of the preceding chapters. 

After the astronomer has succeeded in tracing the laws of the various 
principles which exercise an influence on the apparent positions of the 
celestial bodies, and bas determined their maximum effects with all 
desirable precision, there still remains the laborious task of computing the 
displacement occasioned by them corresponding to any assigned instant. 
Various expedients have been devised with a view to abbreviate the 
toilsome calculations attendant upon this operation. In the Gonnaiasance 
dm Temps for 1760, there appeared tables having for their object, to faci¬ 
litate the computation of aberration and nutation for a few of the principal 
stars. Similar tables continued to be published in the volumes for the 
subsequent years, the nunibei's of stars to which they were adapted, gradu¬ 
ally increasing, until at length it amounted to 510 in the volume for 1806. 
In the same year tables designed to facilitate the calculation of aberration 
and nutation were published by Gagnoli and Do Zacli. Cagnoli’s tables 
appeared in the form of an appendix to a catalogue of 501 stars which he 
published at the same time They were applicable only to the stars con¬ 
tained in the catalogue, De Zach’s tables were attached to a catalogue of 
1830 zodiacal stars; but their application was confined to 494 of the prin¬ 
cipal stars in the catalogue j~. In 18152, the last-mentioned astronomer 
gave an important extension to his previous labours by the publica¬ 
tion of tables of aberration and nutation, adapted to a catalogue of 1440 
stars A defect of these tables consisted in the omission of the solar 
nutation, an element of displacement which, although of inconsiderable ita- 
portance compared with the other corrections, is capable of exercising a 
very sensible influence on the delicate investigations of sidereal astronomy. 

It cannot fail to excite surprise that, until a very recent period, no 
general methods were devised by astronomers, having for their object 
to facilitate the reduction of observations, by combining together in one 
homogeneous system of calculation, as far as was practicable, the separate 
processes for determining the various inequalities which affect the ap¬ 
parent positions of the celestial bodies. With respect to refraction, its 

* Catalogue de 501 6toiIes> suivi des Tables relatives d’Aberration et de Nutation j 
Mod., 1807. 

■f' Tabuloa Speciales Aberrationis et Nutationis, &c.; 2 tom. 8vo., Gotha, 1807. 

t Nouvelles Tables d’Aberration et de Nutation pour 1440 6toiIes, 8vo., Marseille, 
1812. 
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magnitude in any particular instance depends upon the altitude of the 
object above the horizon, and the state of the barometer and thermometer 
at the time of observation. It is obvious, therefore, that it cannot be 
conveniently combined in calculation with precession, aberration, or nuta¬ 
tion, the respective values of which depend on the 'position of the object 
in the celestial sphere and on the timed observation. An objection of 
a similar nature occurs, when the question relates to the combination 
of the geocentric parallax with any other correction, 

On the other hand, the inequalities of precession, aberration, and nuta¬ 
tion, offer obvious facilities for the invention of a method which may em¬ 
brace them all in one uniform process of calculation. For a long time, 
however, no vigorous effort appears to have been made with a view to the 
attainment of this desirable end. Astronomers continued to calculate the 
three inequalities by separate processes, notwithstanding the analogy they 
bore to each other when considered merely in reference to the determina¬ 
tion of their numerical values. The reduction of any single observation, 
could, therefore, be effected only by executing a variety of distinct pro¬ 
cesses of calculation; and it was doubtless owing to the labour necessarily 
demanded by such an operation, that vast masses of observations came to 
be accumulated without being reduced at all. 

About the year 1820 the subject began to attract serious attention, and 
methods designed to facilitate the reduction of observations upon the prin¬ 
ciple of combination above referred to, were suggested by various astrono¬ 
mers, both in this country and on the Continent- Bessel at length pro¬ 
posed a method which, on account of its superior advantages, has supplanted 
all the others. The complete correction of a star’s place (in so far as pre¬ 
cession, aberration, and nutation are concerned), whether in right ascension 
or in declination, is by this method expressed in terms of four products, each, 
product being composed of two factors, one of which depends on the place 
of the star in the celestial sphere, and the other on the tiime of observation. 
The factors which depend%n the time of observation are the same both 
for right ascension and declination, but those depending on the place of the 
star are different. Hence the reduction of an observation, at least as far 
as relates to the three corrections above-mentioned, demands the com¬ 
putation of twelve constants, eight of which depend on the place of the 
star, and four on the time of observation. IsTow, when the mean place of a 
star is once determined, the constants of the first-mentioned group may be 
computed by an easy process, and it is manifest that when this is once ac¬ 
complished, the results will serve equally well for all observations of the 
star. On the other hand the four constants which depend on the time of 
observation, will vary for every day of the year, and will even be different 
on the same day of each successive year. Hence these constants, unlike 
the former, will require to be calculated for each day of observation. 
They possess this peculiar advantage, however, that when once cal¬ 
culated for any day of the year, they will apply equally well to any star in 
the heavens on that day. 

The facility with which this method adapts itself to the computation of the 
apparent places of the stars by the aid of a catalogue of their mean places is 
very obvious. The eight constants depending on the place of each star, may 
be calculated once for all, and inserted in the catalogue. The four constants 
depending on the time of observation, cannot, of course, be included absolutely 
in any catalogue; but their successive values may be calculated for a definite 
peroid of time, so as to be applicable to any day of observation comprehended 
within that period. These objects being accomplished, the determination 
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of the complete correction of any star in the catalogue for any day of the 
year, and the consequent ascertainment of its apparent place on the same 
day, is an operation which may he performed in two or three minutes. 
The advantage which the theoretical astronomer must possess, in being 
thus relieved at the outset of his researches from a vast amount of 
tedious calculation, is too obvious to require further notice. The values 
of the four constants depending on the time of observation, are calcu¬ 
lated for each day of the year, and are published annually in the Nau¬ 
tical Almanac'^. Mr. Airy has recently proposed a modification of 
Bessel’s method, designed to obviate certain inconveniences which in 
some respects attend its practical application f. 

The TJranographical principles, to which allusion has already been made 
in this chapter, exercise a direct influence on the apparent positions of the 
celestial bodies, and therefore an accurate knowledge of the effects pro¬ 
duced by them is indispensable in all those questions which concern the 
relations of space and time. Moreover, the principle of refraction, by 
affecting the aspect of phenomena, demands attention in various researches 
relating to celestial physics. 

But the principles of Diffraction and Irradiation are also known to ex¬ 
ercise an influence similar to that ascribed to refraction in the latter 
instance. These, indeed, by occasioning an alteration in the apparent 
magnitudes of the celestial bodies might be supposed in some cases ulti¬ 
mately to affect their apparent positions. Their influence in this respect, 
however, has been hitherto found to be inappreciable. On the other hand 
it cannot be doubted, that they sensibly affect the aspect of eclipses both 
of the sun and moon, as well as transits, occultations, and varions other 
phenomena. A brief historical account of researches on these principles, 
considered only in so far as their influence on astronomical science is con¬ 
cerned, may, perhaps, not be out of place on the present occasion. 

The discovery of the Diffraction of Tight is due to Grimaldi, an Italian 
philosopher of the seventeenth century J. Ha^^g admitted a beam of light 
through a very small aperture into a dark room, he found that the 
shadows of bodies placed in the cone of light thus formed, when received 
upon a screen, were larger than they would have been if the rays of light 
had passed by the edges of the bodies in right lines. He perceived also 
around the shadows three fringes of coloured light. The fringe nearest 
the shadow in each case was the broadest; the one most distant from 
it was the narrowest and faintest of the three. Grimaldi concluded from 
these facts that light was deflected when it passed by the edges of bodies. 
He first gave an account of his experiments in a work published at 
Bologna, in the year 1665 §. 

The phenomena of diffraction did not escape the attention of Newton. 
In the third book of his Optics he gives some account of his researches on 
the subject. He mentions, however, that he was interrupted in the midst 
of his experiments, and that at no subsequent period could he find leisure 
to resume them. This part of the researches of the illustrious philo¬ 
sopher must therefore be considered as left in an unfinished state. 

Newton repeated Grimaldi’s experiment, by admitting a beam of light 

* These are the constants denominated A, B, c, n, the numerical values of which are in¬ 
serted in succession at page xx. of each month, in the first part of the Ephemeris. 

+ Mem. Ast. Soc., vol. xvi., p. 256, et seq. 

This property of light is also sometimes distinguished by the term ** Inflexion.” 

§ Physico Mathesis de Lumine. Bonon, 1665. 
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into a dark room, tlirough a small hole about the 42nd part of an inch in 
diameter, and he found, like that philosopher, that slender bodies, placed 
in the cone of light, threw upon a screen, shadows of much larger dimen¬ 
sions than they ought to have done if light had passed in right lines. A 
human hair, equal in breadth to the 280th of an inch, placed at a distance 
of 12 feet from the hole, threw a shadow vipon a screen 4 inches beyond 
it, which was equal to the 60th part of an inch in breadth and conse¬ 
quently was more than four times broader than the hair itself. Newton 
established, by a variety of experiments, that the phenomena of diffraction 
were absolutely independent, both of the nature of the substance which 
threw the shadow, and of the form of its edge. They appeared to him, 
therefore, to depend upon some principle quite distinct from refraction. 
He made some interesting experiments on the fringes which surround the 
shadows of diffracting bodies, and concluded his labours on the subject 
With certain queries suggestive of the nature of diffraction. 

The phenomena of the diffractive fringes have engaged the attention of 
many eminent philosophers of the present century, but an account of their 
labours^ does not come within the province of this work. The principle of 
d-iffraction has been supposed in various ways to affect the aspect of celes¬ 
tial phenomena; but the case in which its influence has been most com¬ 
pletely established, is that wherein the object-glass of the telescope con¬ 
stitutes the diffractiug body. The disks and rings exhibited by the fixed 
stars, when viewed in telescopes of high power, have been fully accounted 
for in this manner, by adopting as the basis of enquiry, the principles of the 
nndulatory theory of light. In the next chapter we shall have occasion 
to mention several phenomena which philosophers have endeavoured to 
explain by the diffraction of light. 

A principle which is supposed to exercise a more varied and extensive 
influence on celestial phenomena than the diffraction of light, is that 
which has been distingui^ed by the term “ Irradiation.” In virtue of 
its operation a luminous **^Phjeot projected upon a dark ground is dilated 
m all directions, so as to appear somewhat enlarged in dimensions. A 
striking example of the effect of irradiation is afforded by the appearance 
of the moon when only a few days old. In this case the luminous crescent 
is seen to form part of a rnuch larger circle than the remaining portion of 
the disk, the outline of which is rendered distinctly visible by means of the 
lumiere cendree, or reflected light of the earth. As might be expected, a 
phenomenon the converse of this is exhibited, when an opaque body is seen 
projected upon a luminous surface. The object then appears to be con¬ 
tracted in dimensions, from the light encroaching upon it on all sides. 

Some of the phenomena of irradiation are so palpable to observation, 
that they could not fail to have attracted notice at a very early age. It 
appears, however, that Kepler was the first who pointed out the conse¬ 
quence generally arising from the operation of this principle. His re¬ 
marks on the subject are contained in his “ Supplement to Vitellion,” a 
treatise on Optical Science which he published in the year 1604 |. After 
citing the case of the new moon as above referred to, he remarked that 
the aspect presented by the lunar eclipse of May 26, 1603, afforded a 
similar illustration of the effect produced hy irradiation. Again, it was 
found that during eclipses of the sun, the deficient segment of the solar 

* Optics, p. 114 (4to., Lend., 1704). 

VitelloheHa F&ralipomend, quibus Astronomic© pars optica traditur, 4to,, Franc., 
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disk always appeared too small, in consequence of tlie light o£ the visible 
segment dilating in all directions and encroaching on the dark limb of the 
moon. As a simple mode of exhibiting the influence of irradiation, he 
remarked that if a ruler be held before the eye so as to intercept the light 
of the moon, it will appear narrower at the part where it is projected upon 
the lunar disk. 

We owe also to Kepler an explanation of the ph^’^sical cause of irradia¬ 
tion. He supposed that the rays of light from remote objects converged 
before reaching the retina, and then proceeded in a divergent course, so 
that each pencil of rays depicted upon the optic membrane a small sur¬ 
face instead of a point. It followed as an obvious consequence of this 
theory, that the object would appear somewhat enlarged. Kepler, how¬ 
ever, was of opinion that unless the retina was very sensitive, no impres¬ 
sion was produced upon it beyond the central point of the small area 
corresponding to each pencil of rays. Hence, according to this view of the 
subject, the phenomena of irradiation would be visible only to a particular 
class of individuals *. 

The foregoing explanation is exceedingly plausible, but a slight examina¬ 
tion will suffice to show that it is inconsistent with the results of observation, 
in the first place, it is not true that the rays of light emanating from remote 
objects, converge before reaching the retina. The eye in fact possesses a 
power of adaptation which enables it to bring the rays to a focus upon the 
optic membrane, however great may be the distance at which the object is 
placed. Secondly, it is to be remarked that even if this assumption was 
well founded, the hypothesis would still be inadequate to explain the phe- 
iiomena of irradiation, since the latter do not fail to present themselves to 
observation at the distance of distinct vision. Tastly, the phenomena of 
irradiation are generally visible to all persons, although they exhibit 
themselves with greater intensity to some persons than they do to others. 

The irradiation of luminous bodies was a subject which attracted the 
attention of Galileo on many occasions in the #)urse of his physical inves¬ 
tigations, and a variety of interesting remarks upon it are to be found in¬ 
terspersed throughout his writings. In the “ Sidereus Nuncius ” he 
asserts that the fixed stars, when viewed with the telescope, are not en¬ 
larged in the proportion of the magnifying power. In explanation of this 
fact he remarks, that the telescope has the effect of stripping the star of 
the false light by which it is usually surrounded when viewed with the 
naked eye. This spurious corona is ascribed by him to the influence of 
irradiation. It generally increases with tbe brightness of the field upon 
which the luminous object is projected. Thus at sunset, when the ob¬ 
scurity of the heavens is tempered by the influence of the twilight, the 
stars, even of the first magnitude, appear excessively minute. So with 
respect to "Venus, notwithstanding the splendour with which she usually 
shines, she does not exceed a star of the sixth magnitude on those occa¬ 
sions when she happens to be visible at noon f. 

Galileo next alludes to irradiation in one of his letters to Welser on the 
solar spots. Scheiner had remarked that Venus would apjpear as large on 
the sun’s disk, as she does when she is near her superior conjunction. 
Galileo, however, denied the truth of this statement. He asserted, in the 
first place, that the irradiation of the planet usually causes her to appear 

* Ad Vitellionem Paralipomena, p. 217, et seq. 

-J- Opere di Galileo, tom. ii.., p. 13, Edit. Pad., 1747. 
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mucli larger than she really is. In confirmation of this fact he remarked 
that even when the planet assumes the form of a very slender crescent, she 
appears round like any other star, her true figure l)eing masked by the 
effulgence of her irradiation. On the other hand, when she appears pro¬ 
jected on the luminous surface of the sun, she ought to exhibit a corre¬ 
sponding diminution of magnitude, from the irradiation of the solar light 
encroaching everywhere upon her disk. Upon these grounds he con¬ 
tended that the planet ought to appear considerably less on the solar disk 
than she does in any other position*. 

In his “ Discourse upon Comets,” he finds occasion to refer to the irra¬ 
diation of light in refuting an argument used by his opponents, which was 
based upon an absurd opinion respecting the theory of the telescope f. It 
w’as contended that comets are very remote bodies, because when viewed 
in the telescope they did not exhibit any sensible enlargement. This 
fallacy was suggested by the analogy of the fixed stars, for as these bodies 
did not appear sensibly enlarged in the telescope, and at the same time were 
well known to be very remote, so it was hastily concluded that the small 
effect produced upon their appearance in the telescope was due to their 
great distance. Galileo demonstrated by an appeal to experiment, and by 
reasoning of invincible force, that the element of distance did not exercise 
the slightest influence on the enlargement of an object seen through 
the telescope J. The fact that some bodies were enlarged in a greater 
degree than others, was ascribed by him to the irradiation of light. The 
telescope in most cases deprives the body of the false light arising from 
this cause, so that although it does not fail to enlarge the real angular 
dimensions of the body in the proportion of the magnifying power, the 
spurious diminution may so far neutralise the actual enlargement, that the 
appearance presented by the body in the telescope, may not differ sensibly 
from that which it exhibits to the naked eye. It is to be remarked, how¬ 
ever, that the irradiation exhibited by an object to the naked eye, depends 
upon the darkness of the ^Jund upon which it appears projected; while on 
the other hand, since it is the object itself freed from irradiation that we 
perceive in the telescope, its aspect will not be affected in this case by the 
ground of projection. Hence the apparent magnitude of a star will vary to 
the naked eye with the obscurity of the heavens, while in the telescope it will 
not undergo any change. As an illustration of the truth of this remark, 
Galileo cites the case of Shius, the brightest star in the heavens. A few 

* Opere di Gal., tom. ii., p. 129; Istoria e Dimostrazioni intorno alle Macchie So- 
lari, p. 110. 

+ Discorso delle Comete di Mario Guiducci, Firenze, 1619. This dissertation upon 
comets, although professedly written by Guiducci, was well known at the time of its pub¬ 
lication, to have proceeded from the pen of Galileo, and it has always been included in 
the successive editions of the complete works of the illustrious philosopher. 

The following passage referring to this principle, may serve to illustrate Galileo’s 
mode of exposing the fallacies of his opponents:—“Place an opaque disk at a certain 
distance, and directly behind it, but four or six times farther off, place a white disk of so 
much greater dimensions than the other, as just to allow its circumference to be seen 
like a white ring. Now, if the telescope be directed to the two disks, it ought to follow, 
if the more remote disk be magnified in a less proportion than the nearer one, that the 
former will be altogether covered by the latter, and the ring will totally disappear. Hence, 
by applying the same reasoning to eclipses of the sun, it might happen that an eclipse 
which would appear partial to the naked eye, would become total by viewing it through 
the telescope; so that while with the optical instrument we found ourselves plunged in the 
darkness of night, we should be enjoying the brightness of daylight with the unassisted 
eye !”-—Opere di-Gal.^ tom. ii., p. 221; Discorso delle Comete, p. 26. 
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liours before sunrise it does not appear mucb larger in tbe telescope than 
when viewed with the naked eje. As the approaching sun, how’ever, 
begins to chase away the darkness of night, the star appears less and less 
to the naked eye, until at length, when the sun is about to ascend above 
the horizon, it dwindles to a mere point of light, and then disappears. 
On the Other hand, during all this time the star constantly exhibits the 
same magnitude in the telescope *. 

Galileo makes some interesting remarks on irradiation in his letter to 
Grienberger, on the subject of the lunar mountains f. It had been asserted 
that, as the full moon alvrays presented a well-defined outline, whether 
when viewed with the naked eye or through a telescope, it was impossible 
that there could exist any inequalities around her circumference. Galileo, 
however, maintained that the irradiation of the moon’s light, by obliterat¬ 
ing any asperities around her edge, might effectually conceal the real 
nature of that part of her surface. With respect to irradiation generally, 
he remarked that it increases with the brightness of the object. It is 
from this cause that the planets near the sun have a greater irradiation 
than those that are more remote. So intense is the irradiation of Afer- 
cury, that it is impossible, even w'ith the most powerful telescope, to de¬ 
prive him of his brilliant corona. The same is true, though in a less 
degree, with respect to Mars. On the other hand, Jupiter, and especially 
Saturn, being more feebly illuminated by the solar light, lose their irradi¬ 
ation in? the telescope, and disclose their true figures. With respect to 
"Venus, when she is near her inferior conjunction, she resembles the new 
moon, but such is the intensity of her irradiation, that she appears to the 
naked eye, like any other star. In this position, however, as the extent of 
the illuminated surface is small, and the light is at the same time enfeebled 
by the obliquity of the surface, it is possible, by means of a telescope, to 
discern the real appearance of the planet. AVhen, however, she is near 
her superior conjunction, she presents a complete hemisphere of vivid 
light towards the earth, of such intensity, that even the most perfect 
telescope does not suffice to destroy her irradiation, and reveal to us her 
true figure. 

Galileo, therefore, contends that since the effect of iri'adiation is so 
great, as to conceal from the unaided eye the immense cavity of Venus 
when she assumes the form of a crescent, it is much more probable that 
even the telescope will fail so completely to efface the irradiation of the 
moon, as to disclose the small eminences and cavities which may be situate 
near the edge of her disk. With the view of illustrating the fact that the 
irradiation of objects whose apparent magnitude is small, may produce so 
strong an effect as totally to obliterate any asperities of outline, he de¬ 
scribes the following experiment: — Take a thin plate of metal in which are 
inserted two chinks, the one with smooth and the other with rugged edges. 
XiCt the piece of metal be illuminated behind by a brilliant light, and let 
the observer place himself in front, the only light accessible to him being 
that which is transmitted through the chinks. If he view the piece of 
metal at only a short distance, the asperities of the rugged chink will he 
easily perceptible to the naked eye. If he remove to a distance of a 
hundred or a hundred and fifty paces, the asperities cease to he visible to 
the naked eye, but they may still be discovered by the aid of the telescope. 
Finally, if he view the piece of metal at a distance of about a mile, the 

* Opere di Gal,, tom. ii., p. 219 et sea 


f Ibid., tom. ii., p. 419 et seq. 
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asperities of the rugged chink will no longer he discernible even with, a 
telescope, so that the edges of both chinks will assume the same smooth¬ 
ness of outline. 

Oalileo remarked on frequent occasions, that irradiation produced a 
more sensible ejSect according as the apparent magnitude of the object 
was less* * * § . This, indeed, is manifest to any person, when it is considered 
that the false light arising from irradiation, being the same whatever be 
the magnitude of the object, cannot fail to affect small objects in a greater 
degree than large ones. It was upon this ground he explained the fact 
that while the aspect of the stars varied with the obscurity of the heavens, 
the moon continued to retain the same apparent magnitude, whether seen 
in the brightness of noon or in the darkness of midnight. 

With respect to the cause of irradiation, Galileo imagined it to reside 
in the eye, but he does not seem to have entertained a very decided 
opinion with respect to its mode of operation. In his “ Discourse upon 
Comets ” he conceived the irradiation of luminous objects to arise from 
the refraction of the rays of light by the humours diffused over the eye f. 
In his Dissertation, entitled “ II Saggiatore,” he enters more fully into the 
same question. It had been supposed by some persons, that irradiation 
was occasioned by objects illuminating the surrounding air, so that the 
corona of light thus formed were confounded with the objects themselves. 
Galileo admits that when the sun or moon ai-e near the horizon, they 
illuminate the vapours through which they are seen; but he denies that 
the illumination is so intense as to render the vapours liable to be con¬ 
founded with the actual disks of either of those bodies. He then remarks, 
that the refraction of the moisture diffused over the eyes, causes a 
luminous appearance to surround the object, but being very feeble, com¬ 
pared with the original light, it does not affect the apparent magnitude. 
It will be seen that he here disavows the opinion previously enter¬ 
tained by him, to the effect that irradiation proceeded wholly from refrac¬ 
tion . He now considers the irradiation of luminous objects to arise from the 
rays of light being reflected by the extremities of the eyelids, and then 
being dispersed over the pupils J. He reproduces this opinion in his 
famous “Dialogues on the System of the World,”§ but in a subsequent 
part of the same work he ascribes the phenomena of irradiation to either 
of the two causes he had already assigned, or to some other unknown 
cause residing in the eye |). 

The irradiation of luminous objects being, according to Galileo, attribut¬ 
able to some ocular cause, it was clear that phenomena of this nature 
could not be affected by the magnifying power of the telescope. He ex¬ 
plained by this principle the fact that the irradiation generally disappeared 
when the object was viewed through a telescope, the spurious light being 
masked by the enlargement of the apparent dimensions of the object. 

The sagacity with which Galileo discusses the subject of irradiation, 
cannot be sufficiently admired. The least satisfactory part of his specula¬ 
tions is that relating to the physical cause of the phenomenon. It must 
be acknowledged that his views on this point are very obscure and vague. 
The reader cannot fail to remark that he concurs with Kepler in placing 
the source of irradiation in the eye. 

* Opere di Gal., tom. ii., p. 350 ; Ibid., tom. iv., p. 242. 

t Ibid., tom. ii., p. 223 ; Discorso delle Comete, p. 32. 

4: Ibid., tom. ii., p. 348; II Saggiatore, p. 212. 

§ Ibid,, tom. iv., p. 69. 11 Ibid., tom. iv., p. 242. 
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0 ass end! is tli© next person who oceupied. his attention with the subject 
of the irradiation of light. This philosopher^ entertained very erroneous 
views respecting the physical cause of irradiation, hut he made some inte¬ 
resting experiments for the purpose of ascertaining the laws by which it 
is regulated. Xn order to ascertain the effect produced upon the enlarge¬ 
ment, according as the field upon which the luminous object appeared be¬ 
came brighter, he measured the successive magnitudes of the moon’s ap¬ 
parent diameter, as visible to the naked eye, from midnight till noon, and 
obtained the following results. At midnight the apparent diameter was 
found to be 38''; at dawn it was 36^''; in clear daylight, 84^'; after 
the sun arose, but before he had emerged above the vapours of the 
horizon, 34§-'; at mid-day, when the sun shone with all his splendour, 
83 "«. 

Descartes, in his Dioptrics, published at Deyden in 1 dST, at length gave 
the explanation of irradiation which is now generally received. He sup¬ 
posed that the extremities of the fibres of the optic nerve, though small, 
nave some magnitude, and that in consequence, the impression produced 
by each pencil of rays which converged upon the retina, had a tendency 
to propagate itself to a certain distance on all sides, although it w’ould be 
strongest at the point where the rays converged. When the light of the 
object was feeble, the impression might practically be supposed to be con¬ 
fined to the central point; but in the case of very bright objects, the im¬ 
pact of the rays might be so intense as to make the lateral impression 
very sensible. It followed as an obvious consequence of this mode of 
viewing the subject, that all luminous bodies would appear somewhat 
enlarged beyond their true apparent dimensions. 

Newton, having discovered the unequal refrangibility of light, did not 
fail to perceive that the aberration arising from this cause alone, would 
have the effect of vitiating all observations of the apparent magnitudes 
of bodies, as seen through telescopes. In fact the rays of different colours 
belonging to each pencil of light, instead of converging to a point by the 
refraction of the object-glass of the telescope, were so dispersed as to 
assume the appearance of a small coloured circle at the focus, and hence 
obviously would arise an enlargement of the imago beyond its true magni¬ 
tude. Newton remarked that the enlargement arising from the unequal 
refrangibility of light would be less according as the focal length of the 
telescope was increased- In, the Principia, he states that the apparent 
diameter of Jupiter, at his mean distance from the earth, was found by the 
aid of Huyghens’ telescope of 123 feet focal length to be 39"''; while, on the 
other hand, its value deduced from the times of the satellites crossing the 
planet’s disk, amounted only to 37^"'. He, therefore, concluded that the 
chromatic aberration of the telescope was somewhere about 2"".t Hence 
in reference to the apparent diameter of Saturn, which was found by 
means of the same telescope to be 18"", he remarks that “if all false 
light be reiected, the diameter of the planet will not remain greater 
than 16"".”.! 

It is remarkable that Newton makes no allusion to irradiation in the 
course of his enquiries relative to the true apparent diameters of the 
planets. It is difficult to say, whether his silence arose from an absolute 

* Opera Omnia, tom. iii., p. 395; Flor., 1727. 

f Prin., lib. iii., Phenom. i. 

Prin., lib. iii., Phenom. ii. 
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disbelief in tbe existence of any enlargement arising from this cause, 
or from an impression that tbe enlargement, ^vbich generally appeared less 
in tbe telescope, was in tbe present instance totally inappreciable, in conse¬ 
quence of tbe immense focal length of tbe instrument by tbe aid of 
wbicb tbe measurements were effected. 33ut whatever may have been tbe 
opinion of Newton on this point, it is certain that after bis discovery of 
tbe unequal refrangibility of light, tbe subject of irradiation ceased to as¬ 
sume tbe same degree of importance which induced Oalileo so repeatedly 
to refer to it in the course of bis researches, its effects being for a long 
time confounded with those depending on the aberration of tbe telescope. 

Tbe phenomena exhibited during tbe transits of Venus across tbe sun’s 
disk in tbe years 1761 and 1769, had tbe effect of again directing tbe 
attention of astronomers to tbe subject of irradiation. Lalande found by 
calculations based on the times which Venus actually occupied in crossing 
tbe sun’s disk during tbe transits of 1761 and 1769, that the apparent dia¬ 
meter of the sun, as assigned by the solar tables, was too great by 6'^ or 7''' 
Du S^jour was conducted to the same result by his elaborate researches on 
tbe annular eclipse of 1764. He found that tbe observations of tbe eclipse 
could not be satisfied, except by supposing that the apparent diameter of 
tbe sun, as deduced from the solar tables, was too great by 9'' or 6".6, ac¬ 
cording as tbe tables of Olairaut or those of Mayer were employed f. 
Ijalande seems disposed to consider tbe enlargement of tbe solar diameter 
as due to the aberration of the telescope. Du Sejour applies tbe term 
irradiation to tbe enlargement, asserting, however, at the same time, that 
he does not mean thereby to announce any opinion respecting its physical 
origin. 

In 1782, while Sir William Herschel was engaged in a series of experi¬ 
ments for the purpose of determining tbe apparent diameter of the planet 
he bad recently discovered, be noticed an interesting fact illustrative of 
tbe irradiation of light. Tbe method be employed for measuring tbe 
planet’s disk consisted in comparing its image as seen through a telescope 
with an artificial lucid disk, formed by making a circular aperture in paste¬ 
board, and covering it with transparent paper illuminated behind by a 
flame. The image of the planet was observed in the telescope with the 
right eye, while the lucid disk "was viewed dhectly with the left, its dis¬ 
tance being made to vary until it appeared exactly of the same’ size as 
the image in the telescope. Hence, the linear diameter and distance 
of the artificial disk being known, it "was easy to deduce its apparent 
diameter, and by combining this datum with the magnifying power of the 
instrument, the apparent diameter of the planet was also readily ascertained. 
In order to ensure an accurate comparison of the disks, Herschel pre¬ 
pared a series of circles, vary^ing in diameter from 2 to 5 inches, and 
increasing successively by tenths of an inch. He remarked, that as the 
brightness of the image in the telescope varied with the altitude of the 
planet and the magnifying power of the instrument, so it was necessary, in 
these experiments, to alter in a corresponding degree the brightness of 
the lucid disk, for he found that the magnitude of its apparent diameter 
was very sensibly affected by this cause. In fact, having placed several 
of the artificial disks together and illuminated them at the same time, 
he found that a very small quantity of additional light was necessary, in 
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order to cause one of the disks to differ in magnitude by one or even two 
tenths of an inch>i«. 

Dr. Robinson, in a paper communicated to the Astronomical Society in 
1831, gives an interesting account of some experiments which he made 
for the purpose of ascertaining the amount of influence exercised by irra¬ 
diation on the apparent diameters of the sun and moon f. The method 
he employed consisted in observing lucid disks of different magnitudes, 
and measuring their apparent diameters when subjected to different 
degrees of illumination. A slip of brass with a small circular hole in it 
was placed in the focus of an object-glass, and the hole being illummated 
by a lamp placed behind it, was then viewed through the object-glass by 
means of a telescope directed to it. By this contrivance the image of the 
hole seen in the telescope was rendered similar to that which would have 
been formed by a remote object like the sun or moon, since the rays 
of light transmitted through the hole emerged in parallel directions 
from the object-glass. On looking through the telescope, the aperture 
assumed the appearance of a luminous disk about 17' in diameter; but, on 
interposing a slip of oiled paper between it and the lamp, it assumed 
a much duller appearance, resembling the aspect of the moon in a dense 
fog. In this state Dr. Robinson brought the wires of the mici'ometer so 
as to be tangents to the disk; and then, having caused the oiled paper to 
be removed, he instantly saw the opposite segments of the disk extend 
beyond the wires. Bringing the latter again into a tangential position 
with respect to the disk, he determined the apparent diameter anew, the 
excess of which over the previous measure manifestly gave him twice the 
breadth of the annular enlargement arising from the increased brightness 
of the disk. In this way he obtained a series of results, the mean of 
which indicated an irradiation amounting to about 3".6. He repeated the 
experiment with apertures of different apparent diameters, and obtained a 
similar result in each case. Dr. R,obinson was induced to conclude from 
his experiments that the main source of irradiation is in the eye ; at the 
same time he admitted that the aberration of the telescope migh% in some 
degree contribute to the apparent enlargement of the object. The tele¬ 
scopes which he employed on this occasion did not appear to be affected 
by any sensible aberration, from the distinctness with which they ex¬ 
hibited very close double stars, so that the enlargement indicated by his 
experiments must be considered as referable almost wholly to irradiation. 

In one of his experiments it appeared to Dr. Robinson, that the bright¬ 
ness of the lucid disk w^as equal to that of the sun as seen in his transit. 
It might be expected, therefore, that the irradiation would be nearly the 
same in both cases. The experiment gave him 2".8 for the difference 
between the least and greatest apparent diameters of the disk. This 
result presents a satisfactory agreement w'ith two values of the solar 
irradiation deduced from astronomical researches of a more recent date 
than those of Lalande and Du Sejour. By a discussion of the transits of 
Venus in the years 1761 and 1760, Encke obtained a value of the solar 
diameter which wns less than that of the tables by J. Wurm, by 

a similar discussion of the annular eclipse of 18j20, deduced a result indi¬ 
cating that the solar diameter of the tables was too great by 3".32 §. 

In one of his experiments. Dr. R,obinson illuminated the field of view 

* Phil. Trans., 1783, p. 1, et seq. + Mem. Ast. Soc., vol. v., p. 1, et seq. 
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for tlio purpose of ascertaining wliether any effect would be produced 6m 
the irradiation- When the disk was in its state of greatest illumination 
no change was perceptible; but on turning off the light from the field of 
view, when the disk was obscured by the interposition of the oiled paper, it 
manifest enlargement was immediately apparent. The absence of any 
sensible enlargement in the first instance, arose doubtless from the circum¬ 
stance of the brilliant light of the disk effectually overpowering the fainter 
light diffused over the field of view. 

As it appeared evident from these experiments that the irradiation of 
an object was sensibly influenced by the brightness of the ground on which 
the object was projected. Dr. Robinson imagined that its effect might he 
eliminated altogether from observations of the sun and moon by sufficiently 
illuminating the field of view of the telescope. To effect such an illu¬ 
mination, however, by an artificial process was absolutely impossible, when, 
the question related to observations of the sun, nor was it even generally 
practicable in the case of the moon. Under these circumstances, Dr. 
Robinson bit upon the ingenious idea of illuminating the field of view by 
deriving the light from the luminary itself. In pursuance of this design 
he proposed to cover the object-glass of the telescope with a semi-trans¬ 
parent diaphragm, leaving a small central aperture to admit the rays 
which formed the image at the focus, while the rest of the diaphragm served 
to fill the field with scattered light. This method was applied by Dr. Robin¬ 
son to observations of the sun, and the results obtained by him in a few 
instances, appear to have been very satisfactory; the value of the solar 
diameter determined by means of the transit instrument, exceeding only 
by a very small quantity, the value assigned by the tables. 

One curious fact noticed by Dr. Robinson, in the course of his experi¬ 
ments, is worthy of mention. Having examined the luminous disk with a 
double image micrometer, he was surprised to find that the contact of the 
two images was not affected by the intensity of their illunfihation. He 
expressed himself as somewhat doubtful of the result, the experhpent 
having b<ifen hastily made. It would appear, however, to he suppoi'ted by 
experiments of a similar nature made by other astronomers. M. Arago 
had previously attempted to ascertain the influence of irradiation by 
measuring with a rock crystal micrometer the apparent diameters 
of luminous disks, and then comparing them with the corresponding 
results obtained by combining the absolute diameters with the distance of 
the disks from the eye; but in all such experiments he found that the 
irradiation was insensible, even when the illumination of the disks was 
more intense than that of the full moon A similar result was obtained 
by hi. Ressel when he sought by means of liis great heliometer to deter¬ 
mine the influence of irradiation on the occasion of the transit of Mercury 
across the sun's disk in the year 1832. Since, in this case, the effect of 
irradiation is to dilate the apparent diameter of the sun, and diminish that 
of the planet, it is not difficult to see that if such an effect really existed 
in any sensible degree, the luminous thread which succeeds the first in¬ 
terior contact of the two bodies ought to acquire iyistantaneously a certain 
degree of breadth at the point of contact; and similarly the luminous 
thread which precedes the second interior contact ought to exhibit a sudden 
irupture at the point of contact as if some protuberance had all at once 
been formed on the planet. Bessel was unable to discern the slightest 

* Traite d’Astronomie Physique, par M. Biot; 25®“® edit., tome ii., p. 534. 
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ifididatiOft of oithef of these phenomena during the transit of the planet 
above referred to. But he obtained a still more unequivocal proof that 
the effect of irradiation was insensible. Since the first interior contact of 
the two bodies is indicated by the sudden closing together of the tvvo 
eifetremities of the luminous border of the sun, while the second interior 
contact is made appai'ent by the equally sudden rupture of the opposite 
border, it is manifest that the interval of time included between the two 
contacts When taken in conjunction with the relative motion of the planet, 
as assigned by the tables, will serve to determine the apparent diameter 
of the sun. Now Bessel, by employing this method, arrived at a re¬ 
sult which coincided exactly with that obtained by direct measurement of 
the solar diameter-with a micrometer during the transit of the planet. 

Thus it appears that the experiments of Bessel concur with those of M. 
Arago and 3Dr. Bobiiison in indicating that the effect of irradiation is in¬ 
sensible when the instrument employed in measuring it is one which gives 
a double image of the luminous bod^’-. We shall presently have occasion 
to mention that experiments of this nature have been supposed to furnish 
only particular illustrations of a general law affecting the irradiation of 
two luminous objects placed in juxtaposition. 

In the year 1838 M. Plateau communicated to the Royal Academy of 
Brussels, an elaboi'ate memoir, containing an account of a variety of ex¬ 
periments performed by him with the view of elucidating the nature and 
laws of irradiation *. A very simple mode of exhibiting the enlargement 
arising from this cause was devised by him. A white card was divided 
into six rectangular compartments, by drawing two parallel lines pretty 
close to each other down the middle of the cai‘d, and then bisecting these 
by a third line, drawn at right angles to them. The middle rectangle in 
the upper half of the card, and the broad lateral rectangles in the lower half, 
were then painted black, so that there appoai*ed in the middle of the card 
a band composed of two parts, the one black, (in the upper lialf of the 
card,) projected upon a white ground, the other white, (in the lower lialf,) 
projected upon a black ground. This contrivance manifestly tended to 
render the effect of irradiation more perceptible; for while the white band 
in the lower half of the card was liable to dilate from the encroachnient of 
the light upon the black ground, the black band in the upper half was 
equally liable to contract from the encroaching irradiation of the white 
light on each side of it. The card being placed vertically near a window, 
so as to be well exposed to the light, was then viewed at the distance of 
a few yards, when the effect of irradiation was clearly exhibited by the 
white band in the iniddla of tlio lower half appearing sensibly broader 
than the black band above it. The following are the more important 
conclusions to which M. Plateau was conducted by his experimental re¬ 
searches on the subject of irradiation. 

1° The quantity of irradiation increases With the brightness of the ob¬ 
ject, but in a much less rapid proportion. It has very nearly attained its 
maximum when the brightness is equal to that exhibited by the northern 
region of the sky. 

3° Two irradiations in close proximity tend to neutralize each other. The 
diminution arising from this cause is greater in each case, as the interval 
between the luminous objects is less. 

3° The quantity of irradiation augments with the time of contemplating 
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the object. It is different for different individuals, and for the same, 
individual it varies from one day to another, 

4® When an object is viewed through a telescope, the apparent enlarge¬ 
ment exhibited by it arises from two distinct causes, viz., ocular irradiation, 
and the aberration of the telescope. The part due to ocular irradiation de¬ 
pends on the magnifying power of the telescope, on the brightness of the 
image, and on the physiological qualities of the eye of the observer. More¬ 
over? the interposition of the eye-glass of the teiescope tends to produce a 
peculiar effect on the enlargement. 

5° The part of the enlargement due to the aberration of the telescope 
varies necessarily with the instrument emplo 5 '‘ed. For the same instru¬ 
ment, it may be considered as constant. 

The most remarkable of these propositions is that wherein , it is an¬ 
nounced that the irradiations of two luminous objects are diminished by 
their mutual proximity. M. Plateau extends this principle to the pheno¬ 
mena of irradiation seen with the naked eye as well as to those observed 
in the telescope. He rests its demonstration upon various experiments, 
some of which are of a very convincing nature, and do riot seem to be liable 
to any objection. He refers to this principle the absence of any sensible irra¬ 
diation in the experiments of Arago, Robinson, and Bessel, above alluded 
to. Without expressing a formal opinion on its origin he seems disposed 
to consider it as due to the fact, that there does not exist in either case a 
sufficient contrast between the luminous object and the ground upon which 
it appears projected. M. Plateau concurs with most other philosophers 
in placing the source of irradiation in the eye, but he does not express any 
opinion respecting the mode by which the effect is produced. 

The most recent account of experimental researches on Irradiation, is 
contained in a paper communicated by Professor Powell to the Astronomi¬ 
cal Society, in the year 1849=*=. That distinguished philosopher appears 
disposed to regard the phenomena of irradiation as due, in a great degree, 
to some cause extraneous to the eye. While admitting that the^ irregular 
scintillation of a star may arise from some physiological affection of the 
organ of vision, and mg-y vary in different individuals, he considers that 
the enlargement exhibited by a well-defined disk, capable of exact mea¬ 
surement, cannot reasonably be ascribed to a cause of so fluctuating a 
nature. He then proceeds to describe various experiments which tend to sup¬ 
port this assertion. One of the most unequivocal results derived from these 
experiments consisted in this, that an image of the object, formed in the focus 
of a lens, is affected by irradiation in an equal degree with the object itself. 
A card, similar to that employed by M. Plateau, being exposed to a mode¬ 
rately strong light, and its image being then thrown by reflexion upon a 
ground glass placed in the focus of a lens, the image of the card was seen 
painted on the ground glass, with precisely the same enlargement as that 
which it exhibited to the naked eye. It might be urged against this ex¬ 
periment, that the brightness of the light at the focus of the lens might in 
its turn produce its irradiation, so as to occasion the apparent enlargement 
of the image. With reference to this objection Prof. Powell remarks, that 
the image on the ground glass was in general by far too faint to produce any 
such secondary effect. That the irradiation could not be due to this cause 
was proved further beyond all doubt by the fact, that when a dark glass 
was interposed between the eye and the image of the card in the focus. 


* M^m. Ast. Soc., vol. xviii., p. 69, et seq. 
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the enlargement still continued to be equally perceptible. Prof. Powell, 
upon the grounds of such experiments, considers the conclusion to be un¬ 
avoidable, that the enlargement is occasioned by some optical cause acting 
upon the formation of the focal image, and independent of any organic 
affection of the eye. 

Pursuing this view of the origin of irradiation, he conceived that a strik¬ 
ing verification of it would be obtained, if a photographic image of the ob¬ 
ject could be formed, exhibiting the enlargement. An experiment which he 
made with a view to decide this point, was attended with complete success. 
The image of the card when formed by a photographic process, either in 
the light of the bright sky or in the full sun, was found to exhibit a mani¬ 
fest enlargement. 

Irradiation may be greatly diminished, or even completely destroyed, 
by the interposition of a leiis between the object and the eye. Prof. 
Powell found that with ordinary daylight a lens which magnified three or 
four times was sufficient to extinguish every trace of the phenomenon. 
He states, as the result of his experience generally, that magnifying powers 
varying from ten to twenty effectually destroy the irradiation occasioned 
by the brightest light which the eye can bear. 

M. Plateau experienced great difficulty in reconciling the effect produced 
by the interposition of a lens with the theory of irradiation, which as¬ 
cribes its origin to some ocular cause. Prof. Powell is of opinion that it 
may be accounted for by the diffusion of light, resulting from the ap¬ 
plication of the lens, rendering the enlargement too faint to be percep¬ 
tible. Upon the same principle he explains the absence of irradiation in 
experiments made with a double image micrometer. In this case, each of 
the images possesses only half the original brightness, and being at the 
same time viewed with a high magnifying power, the effect of irradiation 
might, by the combined operation of both these causes, be I'endered in¬ 
sensible. 

In observations with the telescope it lias been found, that tlie regular- 
enlargement occasioned by irradiation is mainly dependent on the aperture, 
focal length, and magnifying power of the instrument. With respect to 
the new moon. Prof. Powell remarks, that when viewed with a 30-inch 
achromatic, and very low powers, the projection of the illuminated crescent 
beyond the dark part of the disk was distinctly seen ; with a power of 50 it 
was barely visible ; and with 80 not at all. The following passage of a letter 
from Prof. C. Piazzi Smyth, cited by that philosopher, affords an interesting 
confirmation of the same fact;—“ On a particularly fine night at the Cape, 
when the enlargement of the bright part of the new moon beyond the dark 
was unusually striking to the naked eye, amounting to tw'o or three 
minutes of sjmee, a 14-foot reflector -was turned to the object, and, with 
every increase of power, the apparent projection was more and more cut 
down—definition was very good that night. With power of 300 the pro¬ 
jection was barely sensible ; it did, however, still absolutely exist, but to 
perhaps not more than two or three tenths of a second of space.” 

It is generally admitted that the irradiation of bodies is affected by the 
dimensions of the aperture of the telescope- When the aperture is dimin¬ 
ished, the apparent enlargement of the object is diminished also. This, 
doubtless, arises from the less intense brightness of the image. It is to 
be remarked, however, that when the aperture is reduced to very small 
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dimensions, the dififraotion. of the object-glass begins to affect the apparent 
magnitude of the image in the opposite direction, so that -when the ape^ 
ture has reached a certain degree of contraction, the enlargement arising 
from this cause may compensate for the diminished effect of ii'radia-« 
tion. Prof. Powell is of opinion that this may account for Dr. Hobinson. 
having found the interval between the transits of the sun’s limbs to be 
unaltered bj’- contracting the aperture of the telescope, and also for th^ 
fact that Mr. Dawes, during the transit of Mercury over the sun’s dish 
in 1848, found that the apparent diameter of the planet was the same, 
when observed with different apertures. 

A review of the progress of researches on irradiation cannot fail to sug» 
gest the conclusion, that the knowledge we possess respecting its nature 
and laws is still very imperfect and obscure. On the other hand, no doubt 
can exist that it exercises a sensible influence on the observations of th@ 
asti'onomer. It is manifest also, that as the art of observation continues 
to advance towards perfection, it will become more and more imperative 
on the part of the astronomer to attend to the effects produced by it. Jn 
the present state of the subject the inquirer is impeded at the very outset 
of his researches, by the want of data of sufftcient completeness and pire-r- 
cision, upon which he might establish his reasoning. It is to he hoped 
that amid the activity which pervades every departnaent of astronomical 
science, this branch of enquiry vsdll not fail to receive an amount of attem 
tion adequate to its growing importance. 

We shall now proceed to give a bi'ief account of the researches of astre- 
nomers, with a view to the explanation of various interesting phenomena, 
by means of some of the principles alluded to in this chapter. 


CHAPTER XVII. 

£cUpses of the Sun and Moon—-.Historical Statement of total Eclipses of the Sun.—^ 
Annular Eclipses observed in modern times.— Change of Colour which the sky under¬ 
goes during an Eclipse.—-Its explanation by M. Arago. — Corona of Light observed 

arourid the Moon.——Allusions made to it by Ancient Authors.-Explanations of its 

Physical Cause by different Individuals.—Protuberances on the Moon’s Limb.—Their 
most probable nature.—Observations on the surface of the Moon during Eclipses— 
Undulations observed on the occasion of the Eclipse of 1842. — Similar Phenomena 
observed during the Eclipse of 1733.—Explanation of their Origin.— Optical 
Phenomena observed during Solar Eclipses.—Threads, Beads, &c.— Explanation of 
their Origin.—Lunar Eclipses.—Transits of Venus.—Physical appearances observed 
during their Occurrence.—Transits of Mercury.—Spot observed on the Planet’s disk- 
—Its explanation by Professor I^owell.— Occultations of the Planets and Stars. 
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seldotn fails to arouse the apathj of the most listless Totary of nature. 
But perhaps on no occasion does the display of stupendous power in the 
economy of the physical universe exercise so subduing an influence over 
the mind, or produce so humiliating a conviction of the impotence of all 
human efforts to control the immutable laws of nature, and arrest the 
course of events, as when the glorious orb of day, while riding in the hea 
vena with unclouded splendoui% begins to melt away from an unseen cause, 
and soon totally disappears, leaving the whole visible world wrapped in 
the sable gloom of nocturnal darkness. The scene is rendered still more 
impressive by the circumstances accompanying so remarkable an ocewr 
reuce- The heavens assume an unnatural aspect, which excites a feeling 
of horror in the spectator; a livid hue is diffused over all terrestrial 
objects ; the plants close up their leaves as on the approach of night j the 
fowls betake themselves to their resting-places ; the warbling of the grove 
is hushed in profound silence. Universal nature seems to have relaxed 
her enei’gies, as if the pulse which stimulated her mighty movements had 
all at once stood still. 

During the early history of mankind, a total eclipse of the sun was 
invai’iahly regarded with a feeling of indescribable terror, as an indication 
of the anger of the offended deity, or the presage of some impending 
calamity; and various instances are recorded of the extraordinary effects 
produced by so unusual an event. In a more advanced state of so¬ 
ciety, when science had begun, to diffuse her genial influence over the 
human mind, these vain apxjrehensions gave place to juster and more 
ennobling views of nature; and eclipses generally caixie to be looked 
upon as necessary consequences flowing from the uniform operation of 
fixed laws, and differing from the ordinary phenomena of nature, only 
in their less frequent occurrence. To the astronomer they have in all 
ages proved valuable in the highest degree, as tests of great delicacy 
for ascertaining the accuracy of his calculations relative to the place of 
the moon, and hence deducing a further improvement of the intricate 
theoiy of her movements. In modern limes, when llie physical consti¬ 
tution of the celestial bodies has attracted the attention of many emi¬ 
nent astronomers, observations of eclipses have disclosed several in¬ 
teresting facts, which have thrown considerable light on some important 
points of enquiry respecting the sun and moon. 

In the present advanced state of astronomy, the records of ancient 
eclipses have been successful!}'' employed in fixing the dates of contem¬ 
porary events, and thereby rescuing history, in many instances, from the 
confusion usually incident to a remote antiquity. It is thus that ];>heno- 
mena, which, at the time of their apparition, were regarded as the 
mysterious heralds of some impending calamity in the moral world, 
totally independent of the ordinary course of nature, and which would 
have been allowed to pass unnoticed, had it not been for the terror which 
they inspired, have become subservient in illustrating many obscure pas¬ 
sages in the writings of the persons who record them, and establishing 
our knowledge of ancient times upon a more satisfactory basis. Tins is 
justly regarded as one of the most remai'kable triumphs of modem science. 

Before entering upon the history of total eclipses of the sun it may not 
be out of place to give a brief description of the nature of eclipses in 
general, and of the various circumstances which determine their occur¬ 
rence. 

The moon, in the course of her monthly revolution round the earth, 
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appears to describe a great circle in the heavens, inclined at an incon¬ 
siderable angle to the ecliptic. Hence it happens that, when the time of 
her conjunction with the sun coincides with her passage across the 
ecliptic, she appears projected npon the region of the heavens occupied by 
the sun, and, being an opaque body, conceals the whole or a portion of his 
disk from a spectator on the earth. The defect of light arising from this 
cause is what is termed a solar eclipse. It is manifest that the moon 
cannot wholly intercept the solar light, unless during conjunction her 
apparent diameter exceed the apparent diameter of the sun. This condi¬ 
tion, however, is not always fulfilled, for, as the moon revolves in an orbit • 
of considerable eccentricity, her distance from the. earth varies in a 
sensible degree, and hence arises a corresponding variation in her apparent 
diameter, causing it sometimes to exceed the apparent diameter of the 
sun, and other times to fall short of it. Hence, when the centres of 
the sun and moon are projected upon the same point in the heavens, 
and the apparent diameter of the moon at the same time exceeds that 
of the sun, the solar disk -will be entirely concealed from the view of 
the spectator, and a total eclipse will be the consequence. If, however, 
while all other circumstances are alike, the apparent diameter of the moon 
he less than that of the sun, the solar disk will not wholly cease to be 
visible, hut the opaque body of the moon will appear projected centrally 
on it, leaving a narrow ring of light exposed to view. In this case, there 
occurs the interesting phenomenon of an anmdar eclipse. When the 
moon does not pass centrally over the sun, hut merely overlaps a segment 
of his disk, a portion of his light only is prevented from reaching the 
place where the spectator is situate, and a partial eclipse then ensues. 

During a total eclipse of the sun it is manifest that the place on the 
surface of the earth which happens from this cause to he obscured, is then 
situated within the moon’s shadow. "When only a portion of the solar light 
is intercepted by the moon as in the case of an annular or partial eclipse, 
the place to which the eclipse is visible is situate beyond the limits of the 
lunar shadow in a partially-obscured region termed the pejturnbra. 

Since the moon in passing between the sun and the earth intercepts the so¬ 
lar light, either wholly or partially from some place on the surface of the latter 
body, so when, in the course of her synodic revolution, she arrives in the op¬ 
posite point of her orbit, the earth beingnow interposed between her and the 
sun, she is deprived in her turn of the solar light, and the phenomenon of 
a lunar eclipse is the consequence. It is to be remarked that in all lunar 
eclipses, the solar rays are supposed to be. wholly intercepted from the 
obscured surface, those cases in which a partial deprivation of light only 
occurs, being left out of consideration, on account of the difficulty of deter¬ 
mining the exact instant w’hen the obscuration begins or ends. Hence a 
lunar eclipse corresponds to a total eclipse of the sun in. regard to its specific 
character, the surface obscured being, in each case, actually immex'sed in 
the shadow of the eclipsing body. 

If the moon I’evolved in the plane of the ecliptic, she would necessarily 
pass between the sun and the eai’th at every conjunction, while again at 
every opposition, the eai'th would be intei’posed between the sun and moon. 
H^ee a solar eclipse would take place at every new moon, and a lunar 
eeli|®te at every fun moon. The lunar orbit being, howevei% inclined at an 
ax%le of about 5° to the plane of the ecliptic, an eclipse, whether solar or 
lunar, only occur, when the moon during conjunction or opposition is 
near either of the nodes of her orbit. Astronomers have found by calcula- 
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tion that a solar eclipse cannot take place unless the moon during conjunc¬ 
tion he within 17° 27^^ of her node ; nor a lunar eclipse unless during 

opposition her distance from, the node be less than 11® 25' The 

question with respect to the specific nature of the eclipse which may 
happen in either case, whether it he total or partial, will depend, ccBteris 
paribus, upon the distance of the moon within the assigned limit. 

It follows from the foregoing remarks that, whenever the lunar node 
returns to the same position with respect to the sun and moon, an eclipse 
of the same nature will always recur. It is manifest that the frequent 
occurrence of eclipses in general, will depend on the condition of the lunar 
nodes with respect to their being fixed or moveable. Now, it appears 
from observation, that they regress with a rapid motion on the ecliptic, 
making a complete tour of the heavens in about 18 years. A remarkable 
relation subsists between the synodic revolution of the moon, and the mo¬ 
tion of her nodes, which causes the phenomena of eclipses to return within 
a definite period nearly in the same order. It appears, in fact, that while 
223 lunations include 6585.321 days, the nodes return to the same posi¬ 
tion with respect to the sun in 6585.772 days. The difference amounts 
to .451 of a day, or barely 12 hours, during which interval of time the sun 
describes an arc of 28' 6" relative to the lunar node. Hence at the end of 
6585.321 days the moon will have returned to the same position with respect 
to the suo, and will only be at a distance of 28' 6" from the same position 
with respect to the node. This period of 223 lunations or 18^ 10^^ 7^43”**, 
which occasions a recurrence of eclipses in the same order, was known 
to the Chaldeans, who arrived at its discovery by comparing together the 
records of eclipses extending throughout a long succession of agesf. It 
appears from theory that seven eclipses may and that two must take place 
in the course of every year. When the number of eclipses is the greatest 
possible, both eclipses are solar. Out of seventy eclipses which usually 
take place within a period of 18 years, the average number of solar eclipses 
is forty-one, and of lunar twenty-nine. 

Although solar eclipses, generally speaking, occur very frequently, a 
total eclipse of the sun is an event which happens only on very rare occa¬ 
sions. This arises from the circumstance of the moon being so small a 
body compared with the sun, that her shadow frequently does not extend 
so far as the earth, and even when it does, its dimensions are so inconsi¬ 
derable that only under conditions of the most favourable nature, can any 
portion of the earth pass through it. In fact, although an eclipse recurs 
nearly about the same time within a period of 223 lunations, it will not 
be exactly of the same magnitude, and the alteration, although small, may 
suffice to transform it from a total to a partial eclipse. 

If a total eclipse of the sun is an event of rare occurrence even any¬ 
where on the surface of the earth, still more especially is this true when 

* It will be 18y 10*^ 7'* 43 ", or 18^ ll** 43% according as four or five leap yeans 
happen within the cycle. 

f In these calculations it is only the synodic revolution of the moon, and the mean 
motion of her node, that are considered. It is clear, therefore, that even although the 
two periods alluded to in the text were precisely equal, the inequalities both of the moon’s 
longitude and of her node would cause the corresponding eclipses in each cycle to be of 
somewhat different magnitudes, and also to recur with more or less irregularity. The 
cycle is sufficiently true, however, to enable a person by means of it to predict eclipses in 
a rough way, and this is all that the Chaldean astronomers aspired to accomplish. 
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tla© qxiesti,on relates to some particular place. Halley, in s. paper or> tbe 
^llpa© of the sun which happened at London on the 8rd of May, 
Ajlo, has remarked that there had not previously occurred a total eclipse 
of the same hody, which was visible in that city, since the 20th of March, 
^ ^ connexion with this circumstance it is to be borne in 

mind that the cycle of 223 lunations has respect to the centre of the 
earth, and not to any point on its surface. Now, in virtue of the diurnal 
motion, the position of any point on the earth’s surface relative to the sun 
and moon, is generally different from the position of the centre of the 
earth relative to the same bodies. Moreover^, since the earth is a body of 
considerable magnitude, while on the other hand the region obscured by 
the moon s shadow, generally does not exceed 1(S0 miles in diameter, it 
loUows that only a comparatively narrow zone of the earth’s surface can 
be eclipsed during any particular conjunction of the sun and moon. It is 
Clear, therefore, that a total eclipse of the sun may recur regularly at the 
prescribed time within the cycle, and yet may not he visible at the same 
place of the earth’s surface. 


.Although a solar eclipse may last several hours, counting from the 
commencement to the end of the obscuration, the interval of time during 
which the sun is completely hidden behind the dark body of the moon is 
very limited. The duration is greatest when the moon is in perigee and 
the sun in apogee ; for the apparent diameter of the moon beinmthen the 
^eatest possible, while that of the sun is the least possible, the excess of 
the former over the latter, upon which the totality of the eclipse depends, 
has then attained its maximum. Now the perigean diameter of the moon 

apogean diameter of the sun is equal to 
j oQ , difference, 2'' 1''', is the arc which the moon in this case 

d^cribes during the totality of the eclipse. It is manifest, therefore, 
when the rapidity of the moon’s motion, especially in perigee, is taken 
into account, that even under the most favoui'ahle circumstances the sun 
will not continue totally eclipsed for more than a few minutes. 

"Xhe duration of a total eclipse of the sun varies, when all other cir¬ 
cumstances are the same, with the latitude of the place obscured, bein‘» 
^eatest at any place under the equator. Lu Sejour found from theory 
that the utmost possible duration of a total eclipse of the sun is 7“^ 53'* 
HTiQ 0 r tho cejuRtor, Rnd 10^ iii. 'tlio iRtitucIo of 

The duration of an annular eclipse is greatest when the moon is in 
apogee, and the sun is in perigee, for the apparent diameter of the sun is 
then the greatest, while that of the moon is the least possible, and con¬ 
sequently the excess of the former over the latter, upon which the annular 
depends, is then a maximum. The greatest apparent diameter 

nn/apparent diameter of the moon is 
29 22 . Hence the difference, 3' 13", is the arc described by the moon 
while the eclipse continues annular. The maximum duration' of an 
annular eclipse exceeds that of a total eclipse for two reasons : first, because 

diameter of the sun over the apogean diameter 
. the moon (3 13 ) is greater than the excess of the perigean diameter 
c± the moon over the apogean diameter of the sun (2' 1") ; secondly 
because when the moon is in apogee her motion over the sun’s disk is 
much flower than when she is in perigee. Du Sejour found by actual 


* M4m. Acad, des Sciences, 1777, p. 318. 
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calculation tliat tlie utmost possible duration of an annular eclipse under 
tbe equator, is 24® and under the latitude of Paris is 9”^ 56®t. 

The -writings of ancient authors contain some interesting allusions to 
eclipses, both of the sun and moon. The most remarkable is a total 
eclipse of the sun, which Herodotus relates to have happened while the 
Medes and Tydians were actually engaged in battle. According to the 
statement of the Greek historian, ^‘the war between the two nations had 
continued during five years with alternate advantages to either party. In 
the sixth there was a nocturnal combat; for after an equal fortune on both 
sides, and while the two armies were engaged, the day suddenly became 
night.” J He mentions that Thales the Milesian had predicted this pheno¬ 
menon to the lonians, and had ascertained the time of the year in which 
it would happen. He then adds that the Lydians and the Medes, seeing 
that the night had thus taken the place of day, desisted from the combat, 
and became desirous, on both sides, of making peace. 

This remarkable eclipse is alluded to by several ancient writers who 
flourished subsequently to Plerodotus. As the last-mentioned author has 
not assigned the time of its occurrence, the ascertainment of this point 
has given rise to a good deal of discussion. Cicero and Pliny both con¬ 
cur in asserting that it happened in the fourth year of the forty-eighth 
Olympiad. This would place it in the year 585 a.o. This date has been 
adopted bj- Piccioli, Newton, and various other authorities of modern times- 
On the ouxer hand, Scaliger found by actual calculation that it happened 
on the 1st of October, 583 a.o.; XJsher placed it in the year 601 a.o.; 
Bayer, Costard, and several others, have maintained that a total eclipse 
of the sun, which appears from theory to have happened on the 18th of 
May, 603 a.o., was the one alluded to by Herodotus. 

The question with respect to the date of the eclipse, continued in this 
state of uncertainty until the year 1811, when Baily finally communicated 
a paper to the Boyal Society containing its true solution. By a skilful 
criticism of the passage in which the Greek historian alludes to the event, 
he has pi'oved beyond all doubt that it could not liavo happened earlier 
than 629 a.o., or later tlian 595 a.c. Out of seventy eclipses which hap¬ 
pened within that period, he found only one which was total in the 
peninsula of Asia Minor. That eclipse happened on the 30th of Septem¬ 
ber, 610 A.o. It was central and total to part of Asia Minor, Armenia, 
and Media, and the moon’s shadow passed over the very locality where 
the two armies most probably were engaged§. It seems impossible to 
withhold the conclusion that this is the eclipse mentioned by the Greek 
historian as having produced so memorable an impression on those who 
were spectators of it. 

Herodotus also mentions a total eclipse of the sun, which happened 
when Xerxes was advancing xvith his army from Sardis to Abydos. He 
states that the sun became invisible, although the heavens everywhere 
presented a serene and cloudless aspect; and, that in consequence, night 
took the place of dayH. The date of this eclipse has been referred to the 
year 480 a.c. The question of its actual occurrence is liable, however, to 
some doubt, arising from a difficulty experieticed in reconciling the state¬ 
ment of the historian with calculations founded on the solar and lunar 
tables. 

Thucydides tlie historian alludes to an eclipse of the sun which liap- 

* Mem. Acad, des Science.?, 1777, p. 317. f- Ibid., 1777, p. 316. 

$ Herod., lib. i., sec. 74. § Phil. Trans., 1811, p. 220, et seq. (1 Herod., lib. vii. 



364 


HISTOKY OF rHYSIOAIi ASTRONOMY. 


pened in tlie first year of the Peloponnesian war. He mentions that it 
took place about noon, and that several stars were visible The language 
of the writer is somewhat equivocal with respect to the question whether 
it was a total or a partial eclipse. Kepler considers it to have been totalb. 
It occurred on the 3rd of August, 431 a.c. 

Diodorus Siculus relates that a total eclipse of the sun happened when 
Agathocles, king of Syracuse, was proceeding with his fleet to Africa. 
He affirms that the darkness was so great as to bring on the appearance 
of night, and that stars were visible in all directions. This eclipse is 
computed to have occurred on the 15th of August, 310 a. o. 

Philostratus, in his “ Life of Apollonius,” mentions that the death of 
Domitian, the Homan emperor, was previously announced by a pheno¬ 
menon which appears to have been no other than a total eclipse of the 
sun. “In the heavens,” says he, “there appeared a prodigy of this 
nature: a certain corona, resembling the Iris, surrounded the orb of the 
sun and obscured his light.” It follows from a remark which he after¬ 
wards makes in reference to this event, that the darkness was so great as 
to cause the appearance of night. The corona to which Apollonius alludes 
is a phenomenon that is generally seen around the dark body of the moon 
during a total eclipse of the sun. A more detailed account respecting it 
will be given presently. This eclipse has been referred to the year 
95 A.D. 

Plutarch, in his “ Dissertation on the Lunar Spots,” alludes to a total 
eclipse of the sun which had recently happened about mid-day. The 
darkness was so great as to cause the day to resemble night. Stars were 
everywhere visible. This eclipse must have occurred towards the close of the 
fii'st century, or early in the beginning of the second. Kepler states that 
he calculated a great mariy eclipses which occurred about the year’ 100 A.n., 
and that he found no one which agreed better with the words of Plutarch 
than a total eclipse of the sun which happened in the year 113 A.n. 
It is not improbable, however, that it is identical with the eclipse men¬ 
tioned by Philostratus, the date of which is necessarily antecedent to the 
month of September, 96 A.n. 

Total eclipses of the sun are also recorded to have happened in the 
years 237, 360, 418, 484, 787, 842, 878, 957, 1113. 

It has been mentioned that Halley, in a paper communicated to the 
Royal Society, alludes to a total eclipse of the sun which happened at 
London on the 20th of March, 1140 A.n. The illustrious astronomer 
does not state in very explicit terms whether his knowledge of this 
eclipse is founded upon records of its actual occurrence, or upon a strict 
calculation of its date by means of the solar and lunar tables. Neither 
Kepler nor Riccioli makes any allusion to a total eclipse of the sun having 
occurred in this year. The following passages extracted from the works 
of contemporary writers will shew, however, that it was not allowed to 
pass unrecorded. 

In the section of the Saxon Chronicle which relates to the events of the 
year 1140, there appears this statement: “ In the Lent the sun and the 
day darkened about the noontide of the day, when men were eating; and 
they lighted candles to eat by. That was the thirteenth day before the 
calends of April. Men were very much struck wdth wonder.”;{; The 

• TJmcyd., lib, ii. + Ad Vitellionem Faralipomena, p. 292. 

t IngrartCs Translation of the Saxon Chronicle, p. 371. 
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annalist then proceeds to relate the dire consequences which followed this 
event. 

In reference to the same eclipse, William of Malmesbury, states, that 
“while persons were sitting at their meals, the darkness became so great 
that they feared the ancient chaos was about to return, and upon going out 
immediately, they perceived several stars about the sun.”=<' 

Total eclipses of the sun are recorded to have happened in the years 
1187, 124=1, and 1415. A remarkable total eclipse of the sun occurred 
on the 17th of June, 3433. This eclipse was visible in Scotland, and 
the time of its occurrence was long remembered by the people of that 
country as the Black Hour. Maclaurin states, that there is an account of 
it in a manuscript, preserved in the library of the University of Edin¬ 
burgh. It is therein mentioned that the eclipse took place about three 
o’clock in the afternoon, and that the dar-kness was so profound that 
nothing was visible. The latter remark is manifestly an exaggeration. 
It appears, how’-ever, that it was an eclipse of a very unusual kind, for 
Maclaurin found that at the time of its occurrence the sun w'as only 2® 
from his apogee, and the moon not more than 13° from her perigee f. 
This eclipse is not in Ricoioli’s Catalogue, but he refers to it in another 
part of his work b 

History makes mention of total eclipses of the sun which occurred in 
the years 1485, 1506, 1530, 1544, 1560, 1567, 1598§, 1605, 1652 i|, 
169917. 

Down to the beginning of the eighteenth century, the accounts respecting 
total eclipses of the sun, contain very few remarks which are of advantage 
in forming the basis of any physical enquiry. The descriptions of similar 
phenomena which have been observed in more recent times derive consider¬ 
able value from the interesting details by which they are accompanied. 

The first total eclipse of the sun, respecting which the accounts have 
any pretension to fulness or precision, was one which happened on the 12th 
of May, 1706. It was observed at Montpellier by MM. Plantade and 

* Bistoi’ice I^oveUte, lib. ii.; JRerum A.nglicarwn post J3edem JPrcecipui Scriptores, p. 
X 05. 

+ Phil. Trans., 1737, p. 194. t Almag’. Nov., lib. v.,cap. ii., SchoL 

§ This eclipse was total in the British Isles. The moon’s shadow seems to have passed 
over the border counties of England and Scotland. The day of the eclipse was long 
remembered in both countrie.<3 as Black Saturday. 

II This eclipse was also total in the British Isles. It was observed by Dr. Wyberd at 
Carrickfergus in the north of Ireland (see Wing’s Astronomia JBritannica, p. 355). The 
day of its occurrence gave rise to the expression Mirk MConday among the people of Scot¬ 
land, which is even still used in some parts of that country, although the eclipse itself has 
long ago fallen into oblivion. 

f This eclipse happened on the 24th of September, and was observed at various places 
in the north of Europe. It is mentioned by several of the Swedish observers of the total 
eclipse of 1733.— (Acta Lit. et Scien, SuecicB, tona. iv., Upsal., 1742.) At Leipsic, 
where it was very nearly total, a correspondent of the Royal Society states, that “ when 
ten digits were obscured, the sky, being otherwise very clear, began to appear of a more 
livid or wan complexion, and more sad than it usually looks, with a clear sky when the sun 
is set, or below the horizon. The cocks also which bad hitherto crowed very frequently, 
as if silenced, going to roost, left off crowing and did not renew it, till by the recovery of 
the sun’s light they had recovered their former gaiety and mirth.”—(Phil. Trans., 1700, 

E . 624.) Louville, in his account of the total eclipse of 1715, to bo presently mentioned, 
as noticed a similar fact. He says, that a little before the sun was totally eelip.«ed, the 
cocks of London began to crow as at daybreak; that they were silent during the total ob¬ 
scuration ; and that the sun had no sooner reappeared than they' commenced again to crow' 
with greater vivacity than before. — (Mem. Acad, des Sciences, 1715, p. 98.) 
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Oapi4s * * * § , at G-eneva by Duillier f, at Nuremburg» by ’Wtirt^elban and at 
a variety of other places. At Montpellier the total obscuration lasted 
40 a During the time that the sun was totally hidden, there appeared 

a o&rona of light around the dark body of the moon. The planets Venus, 
Mercury, and Saturn, as well as Aldebaran, and several other fixed stars, 
were visible to the naked eye. The effects produced upon the animated 
creation by the sudden transition from day to night were remarkable. 
** The bats flew about as at dusk. The fowls and pigeons betook them¬ 
selves in great haste to their resting-places. The little birds which sung 
in cages were silent and put their heads under their wings. The animals 
which were at labour stood still.” At Geneva the total obscuration lasted 
Duillier states, that the Council which had been engaged in delibera¬ 
tion when the eclipse came on, arose from their seats, because they were 
unable to read or write. Bats were seen flying about, and swallows look¬ 
ing in amazement for a place of refuge. In several j)arts of the city there 
were seen persons prostrate on the ground and offering up prayers, under 
the impression that the last day was come. On the tops of some of the 
mountains of Switzerland, where the view of the heavens was not ob¬ 
structed by the gross vapours that accumulate in the lower regions of the 
horizon, the stars appeared as thickly strewed as in the time of full moon. 
The aspect of the heavens could neither be compared to the darlcness of 
night, or the chastened hue of twilight §. Wurtzelbaii states, that it was 
impossible for any person not to feel appalled at the spectacle | 1 . 

Halley has given an interesting account of the total eclipse of the sun 
which happened at London on the 3rd of May, IT 1511. The total ob¬ 
scuration lasted SJi®. The planets Jupiter, Mercury, and Venus, as well 
as Oapella and Aldebaran, were visible to the naked eye. There appeared 
a luminous ring around the moon as on the occasion of the eclipse of 
1706. “ I forbear,” says Halley, “ in his communication to the Koyal 

Society,^ ** * * §§ to mention the chill and damp which attended the darkness of 
tliis eclipse, of which most spectators were sensible and equally judges. 
Nor shall I trouble you with the concern that appeared in all sorts of 
animals, birds, beasts, and fishes, upon the extinction of the sun, since 
ourselves could not behold it without some sense of horror.” 

Douville, who repaired from Paris to London, for the express purpose 
of witnessing this eclipse, has also given an account of it which appears 
in the “Memoirs of the Academy of Sciences,” for ITlbff. In various 
places of Lngland which were more favourable for observing the phenome- 
n6n than London, as many as twenty stars were seen with the naked eye 
during the totality of the eclipse ti- The direction of the shadow w^s 
towards the north-east. At Upsal, in Sweden, the total obscuration lasted 
4 “ 9 "§§. 

On the 22 nd of May, 1724, a total eclipse of the sun happened, which 
was visible in France and Germany. It was observed by Maraldi and J. 

* M^m. Acad, des Sciences, 1706, p. 113 (Hist.). 

+ Phil. Trans., 1706, p. 2241, et seq. 

Miscellanea Beroliniensis, tom. i., p. 219, et seq. 

§ M4na. Acad, des Sciences, 1706, p. 118 (Hist.). 

H Miscellanea Beroliniensis, tom. i., p. 223. 

^ » 1715, p. 245, et seq. ** Phil. Trans., 1715, p. 261. 

tt Sciences, 1715, p. 89, et seq. tt Phil. Trans., 1715, p. 2S0. 

§§ Ibid., 1715, p. 256. ' ^ 
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Cassini, at Trianon and by Delisle, at Paris f. At Trianon, the total ob¬ 
scuration lasted IB'®. Venus, Mercury, and a few of the fixed stars, 
were visible to the naked eye. The obscurity does not seem to have been 
so great as on some former occasions. Wagner states, that when it was 
at its maximum, there was still light enough to enable a person to deci- 
13her written characters and to discern objects at a moderate distance off 
On this occasion also a corona of light was seen to encompass the dark 
body of the moon, during the totality of the eclipse. 

On the 2nd of May, 1733, there happened a total eclipse of the sun, 
which %Yas visible in the north of Europe. At Forsbem, in Sweden, 
the total obscxiratioii lasted 8®§. Juipiter, the stars of UrBa Major, 
Cay>ella, and several other stars, were visible to the naked eye. It 
was generally remarked, however, that the darkness was not so great 
as during the total eclipses of 1699 and 1715 j|. The luminous ring 
formed a conspicuous phenomenon during the total obscuration. It was 
sufficiently bright to be seen distinctly with the naked eye IT. Three or 
four spots of a reddish colour were also perceived near the limb of the 
moon, but not in immediate contact with it ’i-’'!'-. These interesting pheno¬ 
mena will be alluded to presently in more detail. 

On the 9th of Pebruaiy, 1766, a total eclipse of the sun occurred, which 
was observed in the Southern Ocean by the persons on board the French 
ship of war the Comte d'Artois, The total obscuration lasted only 63“. 
There was seen a luminous ring about the moon, which had four remark¬ 
able expansions situate at a distance of 90® from each otherf-h 

On the 24th of June, 1778, there happened a total eclipse of the 
sun, which was observed at sea by the Spanish Admiral Don Antonio 
Ulloa, while passing from the Azores to Cape St. Vincent :|:J. The total 
obscuration lasted four minutes. The luminous ring presented a very 
beautiful appearance. Before it became very conspicuous, the stars of the 
first and second magnitude were distinctly visible; but when it attained 
its greatest brilliancy, those of the first magnitude alone could be per¬ 
ceived. The darkness was such, that persons who liixd been asleep in the 
afternoon, having awoke, imagined to their great astonishment that the 
night was ah'eady far advanced §§. The fowls, birds, and other animals on 
board, took their usual position for sleeping, as if it had been night. 

On the 16th of June, 1806, a total eclipse of the sun occurred, which 
was visible in North America. At Kinderhook, in the State of H®tv 
York, it was observed by the Spanish astronomer, Don Joachim Ferrers || [|. 
The total obscuration lasted 37®. One or two of the planets and a few 
stars of the first magnitude were visible. The moon appeared to bd sur* * * * ** * * §§ ^ 
rounded a luminous ring. There was a slight fall of dew, while the 
sun was totally hidden. 

* M6m. Acad, des Sciences, 1724, p. 176, 178. t Ibid., 1724, p. 316, et S6q. 

Miscellanea Beroliniensis, tom.iii., p. 287. 

§ Acta Lit. etScien., Suecia>, tom. iv., p. 61, Upsalise, 1735. 

)i Acta, Upsal., tom. iv., pp. 60, 63, 64. ^ Acta, Upsal., tom. iv,, p. 64. 

** Phil. Trans., 1733, p. 135; Acta, Upsal., vol. iv., p. 65- 

fd* The officers of the Comte d'Artois gave a detailed description of this eclipse td Le 
Gentil, who has briefly alluded to it in the beginning of the second volume of hiS work. 

Voyaqe duns les Mers de I'Inde. Paris, 1781- 
Phil. Trans., 1779, p. 105, et seq. 

§§ The total obscuration commenced at 44 minutes past three o’clock in the afternoon. 
CPhil. Trans., 1779, p. 107.) 

llil Amer. Phil. Trans., vol. vi., p, 264, et seq. 
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- On tlie 30th, of November, 1834, there happened a total eclipse of the 
sun, which was visible in Georgia and South Carolina, U.S. At Milledge- 
ville, Georgia, the phenomenon was observed by the French astronomer, 
Nicollet*. The total obscuration lasted 1™ 15®. At Beaufort, South Ca¬ 
rolina, two planets and four stars of the first magnitude were visible to the 
naked eyef. 

A total eclipse of the sun depends upon the concurrence of so many 
circumstances, that an opportunity of observing a phenomenon of this 
nature seldom occurs to the astronomer, even if the place where it is* 
visible were invariably favourable for that purpose. When it is con¬ 
sidered, however, that the track of the lunar shadow is not infrequently 
confined to a I’egion remote from the great centres of European science, 
it may easily be conceived that an astronomer may pass his whole life¬ 
time without enjoying the gratification of witnessing so impressive a. 
spectacle. An intense interest was therefore naturally excited by the 
approaching occurrence of the total eclipse of Julj'- 8, 1843, which Avas 
announced to be visible in the north of Italy, and in the southern pro¬ 
vinces of France, Germany, and Russia. Many of the most eminent as¬ 
tronomers of Europe repaired to different stations upon the track of 
the lunar shadow, with the intention of observing the phenomenon. 
M. Arago awaited its occurrence at Perpignan; M. Valz, at Mai'seilles; 
M. Petit, at Montpellier; the late Mr. Baily, at Pavia; Mr. Airy, 
at the Superga, near Turin; M. Garlini, at Milan; MM. Santini, 
and Conti, at Padua; MM. Schumacher and Eittmw, at Vienna; 
and MM. Otto Struve, and Schidlowsky, at Eipesk. It was witnessed 
under favourable circumstances at all these stations, as well as at 
several other places; and detailed statements respecting it were drawn up 
"by the various observers, which have formed the groundwork of much 
interesting speculation h The following account of the occurrence of the 
eclipse, by M. Arago, cannot fail to repay perusal by the reader. 

At Perpignan, persons who were seriously unwell, alone remained 
within doors. As soon as day began to break, the population covered the 
terraces and battlements of the town, as well as all the little emineiices 
in the neighbourhood, in hopes of obtaining a vieAv of the sun as he as¬ 
cended above the horizon. At the citadel we had undei’ our eyes, besides 
numerous groups of citizens established on the slopes, a body of soldiers 
about to be reviewed. 

“ The hour of the commencement of the eclipse drew nigh. More 
than twenty thousand persons, with smoked glasses in their hands, were 
examining the radiant globe projected upon an azure sky. Although 
armed with our powerful telescopes, we had hardly begun to discern 
the small notch on the western limb of the sun, when an immense 

^ Silliman*s Amer. Journal, voL xxviii*, p. 193, 

f Silliman*s Journal, voL xlii., p, 175. 

5: Messrs. Baily and Airy have g^iven descriptions of the eclipse, in vol. xiv. of the 
JMTemoirs o/* the ^stTonoinicaX Society^ The observations of the French Astronomers 
are all given by M. Arago in the A.n7iuaire for 1845. In voL iv. of the Giornale deW 
Istituto Lombardo^ there are interesting communications respecting the phenomenon, 
by MM, Piola, Carlini, Belli, Santini , and Confighliachi, M. Schumacher has given an 
account of the eclipse in No, 457 of the j^stTonomische H^achricJiten. An account of 
the observations of M, Otto Struve and his colleague is inserted, in No. 470 of the last- 
mentioned Journal. In the ^nmLaire for 1845, M. Arago has collected and arranged all 

eclipse, and has discussed them in the same volume, with the 
ability which characterizes all the labours of that illustrious philosopher. 
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exclamation, formed by the blending togetlier of twenty thousand dif¬ 
ferent voices, announced to ns that we had anticipated by only a few 
seconds, the observation made with the unaided eye by twenty thousand 
astronomers equipped for the occasion, whose first essay this was. A. lively 
curiosity, a spirit of emulation, the desire of not being outdone, had the 
privilege of giving to the natural vision an unusual power of penetration. 
During thes interval that elapsed, between this moment, and the almost 
total disappearance of the sun, w^e remarked nothing worthy of relation, in 
the countenances of so many spectators. But when the sun, reduced to a 
very narrow filament, began to throw upon the horizon only a very feeble 
light, a sort of uneasiness seized upon all; every person felt a desire to 
communicate his impressions to those around him. jHence arose a deep 
murmur, resembling that sent forth by the distant ocean after a tempest. 
The hum of voices increased in intensity as the solar crescent grew more 
slender ; at length the crescent disappeared, darlcness suddenly succeeded 
light, and an absolute silence marked this phase of the eclipse, with as 
great precision as did the pendulum of our astronomical clock. The phe¬ 
nomenon in its magnificence, had triumphed over the petulance of youth, 
over the levity which certain persons assume as a sign of superiority, over 
the noisy indifference of which soldiers usually make profession. A pro¬ 
found stillness also reigned in the air'; the birds had ceased to sing. 

“ After an interval of solemn expectation, which lasted about two minutes, 
transports of joy, shouts of enthusiastic applause, saluted with the same 
accord, the same spontaneous feeling, the first reappearance of the rays 
of the sun. To a condition of melancholy pmduced by sentiments of an 
indefinable nature, there succeeded a lively and mtelligible feeling of 
satisfaction which no one sought to escape from, or moderate the impulses 
of’t'. To the majority of the public, the phenomenon had arrived at its 
term. The other phases of the eclipse had few attentive spectators beyond 
the persons devoted especially to astronomical pursuits.” !- 

The interval of time during which the sun -was totally hidden behind the 
dark body of the moon was comparatively brief, even at those places which 
were most favourably situated for observing the plienornenon. At l*ci’j[)ig- 
nan, which was close to the centre of the lunar shadows the total obscura¬ 
tion lasted only 2*^ 1 i‘‘‘. At Pavia, the duration of the totality wns 24®. 
At Venice, which was situate near the southern limit of the shadow, the 
duration was only 43®. In the regions of eastern Europe, the total obscu¬ 
rity lasted somewhat longer. At Jhipesk the duration extended to 8™ 6®. 

The luminous ring usually seen around the moon during a total eclipse 
of the sun, appeared on this occasion with great splendour. There were 
also perceived, three rose-coloured protuberances of sensible magnitude 
in apparent contact with the moon’s limb. The darkness which prevailed 
during the totality of the eclipse w'as considerable. Sig. Piola states that 
at Lodi, the planet Mars, two stars of the constellation Gemini, Aldebaran, 

* In connexion with this remark, the following anecdote, which, according to M. 
Arago, appeared in the Journal of the JLower Alps, of July 9, 1842, cannot fail to prove 
interesting to the reader. A poor child of the commune of Sieyes was watching her tloclc 
when the eclipse commenced. Entix'cly ignorant of the event which was approacliing, 
she saw with anxiety the sun darken by degrees, for there was no cloud or vapour visible 
which might account for the phenomenon. When the light disapi)earcd all at once, the 
poor child, in the height of her terror, began to weep, and call out for help. Her tears 
were still flowing when the sun sent forth his first ray. Reassured by the rispeet, tlie 
child crossed her hands, exclaiming, in theof the province, “ O beau Souh-ou !" 
( O beautiful Sun !) 

f Annuaire, 184G, p. SOB. 

15 1$ 
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Capella, as well as several other stars of the first magnitude, were visible, 
The citizens of Venice remarked, with respect to a steamboat which was 
passing on the Xiagiines, during the totality of the eclipse, that the column 
of smoke which usually issues from the funnel was no longer visible. The 
sparks of flame which the column draws along with it, appeared in conse¬ 
quence to be isolated, and produced a very beautiful effect 

The appearance presented by surrounding objects during the eclipse was 
very remarkable. M. Lentheric has stated that, at Montpellier, a little 
before the commencement of the totality of the eclipse, the light had 
acquired a livid and ashy tint, imparting to the human countenance an 
aspect which was painful to contemplate. MM. Pinaud and Boisgirard 
remarked that at Narbonne, as the eclipse advanced, the obscurity 
assumed a character quite peculiar. It had a wan and livid hue, 
a shade of greyish olive, which seemed to throw over nature a veil of 
mourning. At Lodi the aspect of the heavens, according to Sig. Piola, 
was very striking. There were seen two reddish zones extending along 
the horizon, one in the southern and the other in the northern region of 
the heavens. They, were of a dull copper colour, totally different from 
the ruddy hue of the aurora or the twilight. The rest of the heavens 
passed without any degradation to a dark azure inclining to violet. Its 
light reflected by the waters of the Po and the Lake of Lecca imparted to 
them an aspect which inspired terror. At Lipesk the heavens appeared 
of a greyish violet. The stars Aldeharan and a, Orionis, which are 
usually red, a 2 :)peared quite white. It was remarked by all observers, that 
the spectacle presented during the totality of the eclipse w'as of a very 
appalling nature. 

A great number of interesting facts w'ere noticed respecting the effects 
produced upon animals, by the sudden transition from day to night. M. 
Arago states, that in many instances, horses and other animals employed 
in labour, halted all at once when the eclipse became total, lay down, and 
obstinately refused to move in spite of whip or spur. At Montpellier, 
according .to M. Lenth^ric, the . hats, thinking that night was come, left 
their retreats. An owl was seen to leave the tower of St. Peter and fly 
over a part of the town; the swallows disappeared; the fowls went to 
roost; a herd of cattle feeding in a field, formed themselves into a circle, 
their heads directed outwards, as if to resist an attack. At ‘\''enice swal¬ 
lows were caught in tho streets, the terror with which they were seized, 
having taken from them the power of flight. On the other hand, M, 
Arago states it to be a well-ascertained fact, that the horses employed 
in the diligences continued to pursue their courses, without seeming to be 
in the slightest degree affected by the phenomenon. 

The effect of the obscurity upon those plants wdiich usually close up 
their leaves during night, was very apparent. At Prades in I’rance, at 
Milan, and at Vienna, it was found that several plants had closed up 
during the totality of the eclipse. 

With respect to the variation of the thermometer during the eclipse, 
M. Arago remarks that it was not so considerable as might have been 
supposed from the impression of cold upon the hands and face. At 
Perpignan a thermometer, placed in the shade, descended 3° on the cen¬ 
tigrade scale. With respect to the thermometers exposed to the direct 
action of the solar rays, the variation, of course, was much greater. A 
thermometer with a black bulb, contained in a globe of glass, from which 
* Giomale dell’ Istituto, del Lombardo, tom. iv., p. 810. 
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the air was exhausted, being exposed to the sun, was found to have de¬ 
scended 8°.7 between 6^ 6"" and 5* * * § ^ 48"*. A thermometer with a bulb of 
ordinary glass descended 5®.5 between 6^ 10™ and 6^^ 48™. At the 
various places of Italy, where observations of this nature were made, the 
mean descent of the thermometer was Reaumur. At Ripesk, M. 

Otto Struve found that a thermometer placed in the shade fell 3® Reau- 
murf. At Perpignan, Turin, Vienna, and several other places, a heavy 
dew fell during the obscuration. 

The total eclipse of July 8, 184/3, afforded an interesting illustration of 
the high state of perfection which astronomical science has attained, in the 
fidelity with which it responded to the calculations that had been pre¬ 
viously made respecting the time of its occurrence. The coincidence 
which subsisted in this respect, combined with the remarkable phenomena 
which presented themselves during the obscuration, were also well cal¬ 
culated to elevate the mind to a contemplation of the Eternal Being 
who directs the movements of the celestial bodies with such unerring 
regularity, and exercises such an all-pervading influence over the in¬ 
numerable arrangements of creation. Although in Euz'opean countries 
a total eclipse of the sun is no longer regarded with feelings of super¬ 
stitious terror, it would be forming an opinion of human nature eq^ually 
erroneous and ignoble, to suppose that in the present advanced state of 
civilisation, a spectacle of such sublimity could be viewed with sceptical 
indifference. “All the accounts respecting this eclipse,” says Sig. 
Piola, “ contain reflections on the perfection of that great machine of 
the universe, whose movements are so regular that the astronomer is en¬ 
abled, long beforehand, to predict their effects with unfailing precision ; and 
from contemplating the machine, it was natural to ascend to the Supreme 
Artificer. While this idea swells in the mind, there is another which, at 
the same time, shrinks into insignificance—that suggested by contem¬ 
plating the position of man in the midst of creation. The rnagniticence 
of the scale upon which the phenomena of tlie eclij)se, whether atmo¬ 
spheric or celestial, took place, was patent to every spectator. The exten¬ 
sive coloration of an unusual liue, that was visible, the rapid changes 
which occurred, above all the obscurity which settled over nature like 
the funereal pall thrown over a dead body, and whose subsequent with¬ 
drawal in an instant, operated like a resurrection—all this produced on 
the mind a mixture of profound and indefinable impressions which it 
will be pleasing to hold long in remembrance.”!; 

Among the various eclipses of the sun recorded as having happened in 
ancient times, some were, in all probability, annular; but in no instance 
is the description of the writer sufficiently clear to establish, beyond 
all doubt, the actual occurrence of an eclipse of this nature. The earliest 
eclipse, which is unequivocally asserted to have been amiular, was one 
which occurred in the year 1567. Glavius, who observed it at Rome, has 
stated that, when the obscuration was greatest, there still remained 
around the moon’s limb a very narrow ring of the solar light §. Kepler, 
however, found by calculation, that the sun must have been totally covered 
by the moon on that occasion, and upon this ground he maintained that 
the luminous ring, observed by Glavius, was no other than the corona 

* The total obscuration eommenced at 46" 51® a.m. 

4 Bibliotheque TTniverselle dc Geneve, vol. xliv., p. t369. 

:f Giornale dell’ Istituto del Gombardo, tom. iv., p. 320. 

§ Sphoera Sacrobosci, cap. iv. 
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of light wHcb. usually appears around the moon during a total eclipse of 
the sun'5=. 

Tycho, Brahe, misled by an erroneous determination of the apparent 
diameters of the sun and moon, came to the conclusion that a total eclipse 
of the sun was impossible, and that, in fact, all central eclipses of that 
body were necessarily annular. In accordance with this Yiew of the 
subject, he contended that the eclipse of 1560, observed at Coimbra by 
Olavius, as well as the eclipse of 1598, observed at various places in the 
North of Europe, both of which were reputed to have been total, were in 
reality annular. It has been ascertained, however, that in each of these 
instances, the aiiparent diameter of the moon was less than that of the 
sun; and, therefore, it follows that during a short interval of time the 
sun must have been totally concealed from observation. 

In 1601 there happened an eclipse of the suu, which appears, beyond 
all doubt, to have been annular in Norway. Eongomontanus asserts, 
upon the authority of Fossius, Bishop of Bergen, that the fishermen on 
the neighbouring coast perceived with great admiration the whole body of 
the moon projected upon the sun, leaving uncovered a uniform ring of 
the solar disk, about a digit and a half in breadth f. An annular eclipse 
was also observed by Bouillaud, in the year 1639];. 

The first annular eclipse respecting which we possess a detailed account, 
was one which happened on February 18, 1737. It was observed in 
Scotland by the celebrated mathematician, Maclaurin, who communicated 
to the Royal Society an interesting paper respecting it, which appears in 
the volume of the Transactions of that body for the same year§. The 
annular eclipses which have since been observed are those of 1748, 1764, 
1791, 1820, 1831, 1836, 1838, and 1847. 

We now proceed to notice, in detail, the phenomena which generally 
characterise solar eclipses, and to give a brief account of the various specu¬ 
lations that have been propounded respecting their physical origin. 

It has been universally remarked that during the progress of eclipses 
the colour of the shy undergoes a change. Halley, in his account of the 
total eclipse of 1715, speaks very explicitly upon this point. “ When 
the eclipse,” says he, “ was about ten digits (that is, when about five-sixths 
of the solar diameter were immersed), the face and colour of the sky 
began to change from perfect serene azure blue to a more dusky livid 
colour, intermixed with a tinge of purple, and grew darker and darker till 
the total immersion of the sun.”|| The observers of the total eclipse of 
July 8, 1843, all concur in asserting that the colour of the sky underwent 
a remarkable change during the progress of the obscuration ; but they 
differ materially in the details which they furnish respecting the pheno¬ 
menon. M. Arago remarks that these discordances are mainly attributable 
to physiological causes connected with the organ of vision ; and as it is 
impossible to arrive at an adequate appreciation of the influence of these 
causes, he considers that any enquiry founded upon the statements of the 
various observers would be altogether useless, more especially as they are 
for the most part destitute of precision. He, therefore, undertakes simply 
to investigate the effect which the progress of the eclipse tends to produce 
upon the colour of the atmospheric light, in any particular region, without 

* Ad Vitellionem Paralipomena, p. 299. 

t Astronomia Danica, lib. i., cap. 9, t Astronoraia Philolaica, lib. ii., p. 210. 

§ Phil. Trans., 1737, p. 177, et seq. || Ibid,, 1715, p. 247. 
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taking into account the modifying influence of extraneous causes, selecting 
for this purpose the region ■which is vertical relative to the spectator- 
He remarks that every particle of the atmosphere, although illuminated 
mainfy by the direct rays of the sun, is also affected in some degree by 
the light reflected in every direction from the other particles. During 
the progress of the eclipse, the region of the atmosphere which lies verti¬ 
cally above the spectator, ceases gradually to be illuminated by the direct 
rays of the sun, while, on the other hand, it is constantly exposed to the 
same hffensity of reflected light from the region which lies in the horizon 
of particles situate at a great altitude above the place of observation, for 
the sun still continues to shine upon that region with all his force. The 
proportion of direct to reflected light continues to diminish as the eclipse 
increases in magnitude, until at length the reflected light produces a 
more intense effect than the direct, and thereby determines the visible 
colour of the sky. ISTow it is a fact which cannot fail to have come under 
the observation of every person, that the rays of light proceeding from 
■those regions of the atmosphere that lie near the horizon, invariably differ 
in hue from those which are transmitted from the more elevated regions. 
It follows, therefore, as a necessary consequence, that the colour of the 
sky in the region which is vertical relative to the spectator will undergo 
a perceptible change *. 

This explanation is very ingenious, but it does not give a satisfactory 
account of the unnatural aspect which the sky exhibits during an eclipse, 
and which has been universally remarked to be totally different from the 
appearance of the dawn or twilight. It is to be borne in mind, however, 
that the circumstances which determine the faint illumination of the 
atmosphere during an eclipse, although analogous to those upon which 
the phenomenon of the dawn or twilight depends, are not absolutely 
identical with them ; and hence it is not improbable that the different 
condition of the light, arising from this cause, may produce the j)allid hue 
which is visible during an eclipse. 

It has been found that while the colour of the sky changes very sen¬ 
sibly during eclipses of the sun, a similar effect is also produced upon 
terrestrial objects. Even as early as the year 8-iO, a.d., it W’as remarked 
that during the total eclipse of the sun which happened in that year, the 
colours of objects on the earth were chaugedf. Kepler mentions that 
during the solar eclipse which happened in the autumn of 1590, the 
reapers in Styria noticed that everything had a yellow tinge J. It ■was 
remarked by MM. Plantade and Olapies, on the occasion of the total 
eclfyse of 1706, that^s the obscuration increased or diminished, objects 
changed their colour. When two-thirds of the solar diameter were 
eclipsed, they assumed the colour of orange yellow ; when there was only 
about the twenty-fifth part of the diameter visible they assumed a reddish 
tinge, resembling water that has been diluted with wine. 

Sir John Clarke, in an account of the -annular eclipse of 1737, states, 
that there was no considerable darkness, but that the ground was covered 
with a kind of darlc greenish colour %. 

In Le Gentil’s brief description of the total eclipse of 1766, it is stated 
that during the greatest obscuration objects assumed a tinge of livid 
yellow, which produced a very remarkable effect ||. 

* Annuaire, 1846, p. 296. + Ad Vitellionem Paralipomena, p. 294. 

•)- Ad Vitellionem Paralipomena, p. 303. § Phil. Trans., 1737, p. 197. 

II Voyage dans les Mers de ITnde, tome ii., p. 16. 
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During the total eclipse of 1842, it was universally remarked that the 
colours of terrestrial objects were changed. 

M. D’Hombres-Firmas perceived that when three-fourths of the sun 
were eclipsed, objects of a reddish colour, and the human countenance 
especially, appeared paler, and acquired an. olive hue. According to M. 
Dordat, a few minutes before the commencement of the totality of the 
eclipse, objects appeared to have a slight tinge of yellow ; the light anon 
became wan and livid; in certain positions the human countenance had 
a cadaverous aspect =■!«, 

Sig..Piola states that the observers of the eclipse in Italy generally 
remarked that towards the total obscuration objects assumed a greenish 
tinge, which passed gradually to a saffron hue, or to violet, as some of the 
observers assertedf. According to Mrs. Airy, the effect produced was 
like looking at objects through a very dark greenish glass 

It is manifest that the aspect of terrestrial objects cannot fail to be affected 
by the change of colour which the atmospheric light undergoes during the 
progress of an eclipse. It cannot be doubted, however, that the phe¬ 
nomena above mentioned are, to a considerable extent, attributable to the 
influence of contrast. Moreover, it is to he remarked that the physio¬ 
logical constitution of the eye tends to produce a modifying effect upon 
the specific hue of objects. Under these circumstances, it would obviously 
he premature to make such observations as those above cited, the ground¬ 
work for deducing any sound conclusions of a general nature. 

The darkness which prevails during a total eclipse of the sun is not so 
profound as might be expected, nor as it is generally supposed to be. 
Ferrer, in his account of the total eclipse of 1806, states, that even when 
the effect produced by the interception of the solar rays was at its 
maximum, the light which still remained, was equal to that of the full 
moon§. In general, it has been found that the darkness is sufficiently 
intense to prevent a person from reading, although there have not been 
wanting several instances of a contrary nature, Mr. Airy has remarked 
that the illumination during the total eclipse of 1842 was so small, that 
he could with difficulty read the divisions on the watch-plate, which was 
within eight inches of his eye. The faint visibility which continues to 
subsist even when the sun is totally concealed behind the dark body of 
the moon, arises mainly from the light reflected by those regions of the 
atmosphere which are still illuminated by the direct rays of the sun. It 
is evident, however, that the corona around the moon will also contribute 
in some degree towards producing the effect. The observation of Don 
Ulloa, relative to the darkness which prevailed during the total eclipse of 
1778, is very decisive upon this point. It has been mentioned that at 
the commencement of the total obscuration he was enabled to perceive 
tbe stars of the second magnitude, but that, after the appearance of the 
luminous ring, only those of the first magnitude were visible. 

* Atinuaire, 1846, p. 291. 

+ Giornale dell’ Istituto del Lomb., tome iv., p. 304. 

Mem. Ast. Soc., vol. xv., p. 17. In thus using the liberty of divesting the obser¬ 
vation cited by Mr. Airy, of the anonymous character in which he has pi-esented it in his 
paper on the eclipse, the author pleads the example of M, Arago, upon whose authority 
alone he has been induced to adopt a course which is at all times desirable, but more 
especially so when the subject is of an historical nature, as it happens to be in the pre» 
sent imstance. 

§ Trans. Amer. PML Soc., vol. vi., 266. 
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The darkness which prevails dtiring th© total ohscuratiori of the sun, 
does not appear to he eq_iially profound, when the observations of different 
eclipses are compared together; nor even at different places where the 
same eclipse has been observed. This arises partly from the variable 
condition of the atmosphere, and partly from the circumstance that during 
an eclipse all places are not equally immersed in the moon’s shadow. It 
is manifest that all those places which are situate close to the boundary 
of the lunar shadow, are exposed in a greater degree to the light reflected 
from the regions of the atmosphere upon which the sun is still shining, 
than are the places contiguous to the centre of the shadow. It was upon 
this principle that Halley explained the fact that at London the obfcuritj 
during the total eclipse of 1715, was less intense than that which pre¬ 
vailed in various other parts of England that were more deeply immersed 
in the lunar shadow*. 

A fact was noticed during the total eclipse of 1842, which deserves to 
be mentioned. Sig. Piola states, that at Lodi, the darkness during the 
totality of the eclipse was equal to that by which the stars of the second 
magnitude are usually discerned, and yet only those of the first magnitude 
were visiblef. A similar remark was made by M. Otto Struve, with 
respect to the same eclipse. lie states that at Lipesk the darkness 
surpassed in a small degree that which reigns at St. Petersburg during 
the summer solstice; but that, while in the latter case the stars of the 
third magnitude are usually discernible without any difficulty, in the 
former case those of the first alone could be perceived J;. Sig. Belli 
explains this curious fact by reference to a physiological prinoiifle. He 
remarks that during the short interval of total obscuration, the eye has 
not sufiicient time to recover from th© dazzling effect of th© sun’s rays, 
and consequently is unable to take due advantage of the obscurity which 
actually prevails §. This is, doubtless, the true explanation of the anomaly 
observed on such occasions. 

The suddenness with wdiich day succeeds night, upon tho reappearance 
of the sun after undorgoiiig a total eclipse, has be< 3 u remarked by all 
persons who have witnessed a phenomenon of this nature. The first ray 
of the sun darts forth from behind the moon’s limb with a velocity that 
has been compared to the swiftness of an arrow, a flash of lightning, or 
sorne such emblem of extraordinary speedy. According to Sig. Piola, so 
rapid was the effect produced by the reappearance of th© sun on the 
occasion of the total eelipe of 1842, that it might be said to have been 
night, and in an instant it was day If. The same observer states, that it 

_ * Phil. Trans., 1715, p. 250. Sig. Piola has stated that persons stationed upon the 
hills around Brescia, during the total eclipse of 1842, enjoyed the beautiful prospect of 
the peaks of Rosa and Cimone brilliantly illuminated by the sun’s rays, while they them¬ 
selves were involved in the obscurity of the moon’s shadow. (Oior, deli’Jst. JLornb., 
p. 310.) 

t Giorn. dell’ 1st. Lomb., tome iv., p. 341. 

i Bibliotheque Universelle de Geneve, tome xliv., p. 368. 

§ Giorn. dell’ 1st. Lomb., tome iv., p. 341. 

[[ ** Instar fulgoris”—“ in star sagittarum radii solis repente prorumpenfes ”—“radius 
solis instar sagittse prevolavit”—“ radius admodum illustris prorupit,” &c., &c. Such are 
the terms employed by the Lutheran pastors of Sweden, in describing the reappearance 
of the first rays of the sun on the occasion of the total eclipse of 1733. 

“ Talch^ si pot^ dire che in memento era notte e fu giorno ” ( Giornale deli J. JR. 
Istituto del Lombardo, tome iv., p. 814). Attempts have been made to detect the 
motion of the moon’s shadow in the course of its passage over the surface of the earth. 
To effect such an object, however, is manifestly a very difficult matter, on accoutd of the 
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was aniversally remarked by the spectators of tlie eclipse at Lodi, that 
the light emitted by the sun previous to the total obscuration, produced a 
much less dazzling effect than that which distinguished his emersion from 
behind the dark body of the moon. In the former case, the spectator 
was enabled to look upon the sun for several minutes previous to the total 
obscuration, without experiencing any inconvenience; in the latter case, 
it was impossible for the naked eye to withstand the violent impact of the 
first rays of the sun. This fact had been already noticed by Halley, on 
the occasion of the total eclipse of 1716. The English astronomer had 
suggested two distinct causes, to whose combined operation it might be 
ascribC’d. One of these was of a physiological nature ; the other implied 
the existence of a lunar atmosphere. He remarked, in the first place, 
that previous to the total obscuration, the pupil of the eye might be very 
much contracted by viewing the sun, and, consequently, the organ of 
vision would be less liable to suffer from the effulgence of the light than 
at the instant of emersion, when the pupil had again expanded. Secondly, 
he suggested that, as the eastern margin of the moon, at which tbe sun 
disappeared, had been exposed for a fortnight to the direct action of the 
solar rays, the heat generated during this period might cause vapours to 
ascend in the lunar atmosphere, which, by their interposition between the 
sun. and the earth, would have the effect of tempering the effulgence of 
the solar rays passing through them. On the other hand, the western 
margin of the moon, at which the sun reappeared, had just experienced a 
night of equal length, during which the vapours suspended in the lunar 
atmosphere, had been undergoing a course of precipitation upon the 
moon’s surface under a process of cooling. In this case, therefore, the 
solar rays would meet with less obstruction in passing through the lunar 
atmosphere, and, consequently, it was reasonable to suppose, that they 
would produce a more intense effect^. 

It is clear that both causes above mentioned might conspire together in. 
producing the observed effect. As, however, there are no reasons for 
supposing that the inoon possesses an atmosphere capable of exercising 
any appreciable influence, it is probable that the true explanation is to be 
sought in tbe different dimensions of the pupil of the eye, at the com¬ 
mencement and the end of the total obscuration. 

The luminous ring that appears around the moon is one of the most 
interesting features of a total eclipse of the sun. The earliest allusion to 
it is probably to be found in the passage of the Ijife of Ajwllonius, already 
cited, wherein the author mentions that the death of the emperor 
Domitian had been previously announced by a total eclipse of the sun. 
“In the heavens,” says Pbilostratus, “there appeared a prodigy of this 

immense velocity with which the shadow sweeps over any particular place of observation* 
Halley calculated that the shadow of the eclipse of 1715 passed over England at the 
rate of fifty^nine geographical miles in a minute (^JPhih Trans.^ 1715, p. 260), Mr, 
Airy has Tnentioned in his account of the total eclipse of 1842, that he endeavoured to 
detect the progress of the lunar shadow as it passed over the immense plain of Lom¬ 
bardy, but that his efforts were unsuccessful. He adds, however, that Messrs. Plana and 
Forbes felt assured that they saw the darkness travel over the country. The only remark 
of a similar nature which the author has met with in the accounts of former eclipses is 
contained in the following extract from Duillier’s paper on the total eclipse of 1706 : — 
** A little before the total obscuration, the country on the west side did already seem 
overcast with darkness; and after the total obscuration, the darhness tvas seen to leave us 
TTiore and more, and to fiij eastward^^ Trans.y 1706* p, 2243). 

^ PbiL Trans., 1715, p, 248, / 
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nature. A certain corona, resembling tbe Iris, surrounded tbe orb of the 
sun, and obscured his light.” 

Plutarch, also, about the same time, alludes in one of his works to the 
phenomenon of the luminous ring. Speaking of a total eclipse of the 
sun which had recently happened, he endeavours to show why the dark¬ 
ness arising from occurrences of this nature is not so profound as that 
which usually prevails when the sun is below the horizon. He begins 
by assuming, as the basis of his reasoning, that the earth greatly exceeds 
the moon in dimensions. After citing various authorities in support of 
this assertion, he then proceeds thus;—“Whence it happens that the 
earth, on account of its magnitude, entirely conceals the sun from our 

sight. But even although the moon should at any time hide 

the whole of the s^m, still the eclipse is deficient in duration as well as 
amplitude, for a peculiar effulgence is seen around the circumference, 
which does not allow a deep and very intense shadow.”* It cannot 
admit of any doubt that the phenomenon alluded to in the above pas¬ 
sage is the luminous ring that has been invariably observed around 
the moon in modern times on the occasion of a total eclipse of the 
sunf. 

It would seem that Clavius observed the luminous ring at Home during 
the eclipse which happened on April 9, 1567, although he w’as not con¬ 
scious of its real nature. It has been already mentioned, that when the 
obscuration was greatest, he perceived a narrow ring of light around the 
moon, which he supposed to be the margin of the solar disk. Kepler, 
however, maintained that the luminous circle seen by Clavius, could not 
really be a portion of the sun. He found, in fact, by calculation, that 
during the eclipse, the moon was at her mean distance from the earth, in 
which position, he remarked, her apparent diameter exceeds that of the 
sun even when he is in perigee; while at the same time the sun was 
approaching towards apogee, where his apparent diameter is the least 
possible. lie therefore came to the conclusion that the sun must have 
been totally covered b 3 ’' the moon during the eclipse, and, consequently, 
that the appearance observed by Clavius could not have been pi^oduced 
by the direct transmission of the solar ra^^s. The explanation which that 


* It will be seen that the passage in the text differs materially from that cited by 
M. Arago, in the Comptes JRendus, tome xiv., p. 848, which is to the following effect: — 
“ La Lune laisse d^border autour d’elle, dans les Eclipses, une partie du Soleil, ce qui 
diminue rohscuritS." It is merely on the strength of the last part of this sentence, and 
in direct contradiction to the first part, that M. Arago ventures to suggest that the 
phenomenon of the luminous ring is probably that to which Plutarch alludes. It is 
manifest, however, that the sentence may be supposed, with greater plausibility, to apply 
to annular eclipses. With respect to the passage cited in the text, there cannot exist a 
shadow of a doubt that it refers to the luminous ring that is visible around the moon 
during a total eclipse of the sun. The following are the express terms in which Plutarch 
alludes to the phenomenon :—« 5s <riXny*i fcecv oXov tra'ri <rov cvx 

ovU frXdrof, h exXti\pis, kXXa, ^i^t<pa,tvz'rett tis etbyh r*ly "rw, ovx s^trias P>ec6i7xv yiyscr&at 

-rtiv irxioc,v xot) (Plut., Opera JMor. et JPhil., vol. ix., p. 682, Edit. Lips., 1778). 

M. Arago does not mention the part of Plutarch’s works in which the original of the 
translation given by him is to be found. It is not improbable, therefore, that he may 
refer to some less unequivocal passage of the Greek author than that above cited. 

+ This eclipse is sometimes referred to the year 98, A.D. ; Kepler, however, is dis¬ 
posed to believe that it happened in the year 113, A.D. (^Tahul. Eudolp. Ercecept.,. 
p. 104}. 
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illustrious astronomer lias giyen of the physical cause of the phenomenon 
will be noticed presently. 

The luminous ring was visible around the moon during the total eclipse 
of 1598. Jessenius, who observed the eclipse at Torgau in Germany, 
remarked that during the greatest obscuration there appeared a bright 
light shining around the moon=^. On this occasion, also, the phenomenon 
was generally supposed to arise from a defect in the totality of the eclipse, 
although Kepler strenuously contended that such an explanation was at 
variance with the relation between the values of the apparent diameters 
of the sun and moon, as computed for the time of the eclipse by the aid 
of the solar and lunar tables. He considered the phenomenon to be 
identical in its nature with that observed during the eclipse of 1567, and 
to be a usual accompaniment of total eclipses of the sun. 

The views of Kepler respecting the eclipses of 1567 and 1598 first 
appeared in his “ Supplement to Vitellion,” which was published in the 
year 1604. They received a striking confirmation from the observations 
of the total eclipse of the sun which happened in the following year. 
On this occasion the eclipse was observed at Naples, under circumstances 
which did not admit of any doubt respecting the existence of the ring. 
“ The whole body of the sun was effectually covered for a short time. 
The surface of the moon appeared quite black ; but around it there shone 
a brilliant light of a reddish hue, and uniform breadth, which occupied a 
considerable part of the heavens.”! 

During the total eclipse of the sun which happened on the 29th of 
March, 1652, and which was visible in the British Isles, the moon was 
seen surrounded by a ring of light. Dr. Wyberd, who observed this eclipse 
at Carrickfergus in the north of Ireland, has stated that when the sun was 
reduced to a very slender crescent of light, the moon all at once threw her¬ 
self within the margin of the solar disk with such agility, that she seemed 
to revolve like an upper millstone, affording a pleasant spectacle'of rotatory 
motion ! He remarks, however, that in reality the sun was totally eclipsed, 
and that the appearance was due to a corona of light around the moon, 
arising from some unknown cause. He adds, that it had a itniform 
breadth of half a digit, or a third of a digit at least, that it emitted a bright 
and rad.iating light, and that it appeared concentric with the sun and moon 
when the two bodies were in conjunction |. 

The luminous ring formed a cons 2 >icuoiis accompaniment of the total 
eclipse of the sun which happened on the 12th of May, 1706. The de¬ 
scription of it given by MM. Plaiitade and Capies, who observed the 
eclipse at Montpellier, is clearer and more pi’ecise than any other that 
had been hitherto recorded. As soon as the sun was totally eclipsed, there 
appeared around the moon a very white light forming a kind of corona, the 
breadth of which was equal to about 3'. Within these limits the light was 
everywhere equally vivid, but beyond the exterior contour, it was less in¬ 
tense, and was seen to fade oil gradually into the surrounding darkness, 
forming an annulus around the moon of about 8'^ in diameter §. 

* Ad Vitellionem Paraliponoena, p. 299. 
f Kepler, JDe Stella Nova, p. IIG, 4to., Prag., 1606. 
i Wing, ^stronomia JBritannica, p. 356. 

§ Mem, Acad, des Sciences, 1706, p. 251. 
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Halley’s aceount of ihe total eclipse of tlie sun wliicli happened at 
London in 1715, corroborates the testimony of preceding observers with 
respect to the existence of the luminous ring, and also contains some in¬ 
teresting particulars relative to its physical aspect. “ A few seconds,” 
says he, “ before the sun was all hid, there discovered itself round the 
moon a luminous ring about a digit, or perhaps a tenth part, of the moon’s 
diameter in breadth. It was of a pale whiteness or rather pearl colour, 
seeming to me a little tinged with the colours of the Iris^ and to be con¬ 
centric with the moon.” He remarked, moreover, that the ring appeared 
much whiter and more brilliant near the body of the moon than at a dis¬ 
tance from it, and that the exterior boundary was very ill defined, seem¬ 
ing to be determined only by the extreme rarity of the luminous matter^. 

The, account of the appearance of the ring on this oooasion, given by 
the Trench astronomer Louville, tends to confirm the truth of Halley’s 
remarks. He has stated, however, that there were interruptions in its 
brightness, causing it to resemble the radial glory with which painters en¬ 
circle the heads of the saints. He asserted with confidence that it ap¬ 
peared to be concentric with the moon f. 

The luminous ring formed a conspicuous feature of the total eclipse of 
the sun which occurred on the 2*2nd of May, 1724. Maraldi has stated, 
that at the commencement of the total immersion, the ring appeared 
broader on the east than on the west side; but, on the other hand, that at 
the end of the total immersion, it appeared broader on the west side. He 
remarked also that the breadth of the ring where it bordered upon the 
northern limb of the moon, was greater than the breadth at the part bor¬ 
dering upon the southern limbj. 

The luminoiTS ring appeared with great splendour on the occasion of the 
total eclipse of 1733. A great many interesting ol)servations relative to 
it, due chiefly to Lutheran pastors, are to be found in the fourth volume of 
the 'IVansactlons of the Royal Bociety of Sweden §. The following are a 

* Phil. Trans., 1715, p. 249. 

•f M^m. Acad, des Sciences, 171.5, p. 90. 1 Ibid., 1724, p. 178. 

§ Nothing can be more praiseworthy than the zeal with which the <d(irgyinen in the 
rural districts of Sweden responded to the invitation of the Royal Society of that country 
to note the various phenomena connected with the occurrence of the total eclipse o£ 
1733. The observations transmitted by them to tlie Society ou this occasion, were all 
arranged methodically by Celsius, previous to their insertion in the volume referred to 
in the text. Although they cannot pretend to much precision, still it may be asserted 
without hesitation, that they form the most complete description of a total eclipse of the 
sun which is to be found in the records of astronomical observation previous to the total 
eclipse of 1842. This is more especially remarkable, as only a few years previously, 
other two total eclipses of the sun had happened (in fact, during the intermediate period 
the moon’s node in the one case had inaclc only half a revolution, and in the other not 
more than a whole revolution), by mean.s of which the inhabitants of the two countries of 
western Europe, which boast of their superior civilization, had an opportunity of making 
similar observations. With respect to the total eclipse of 1715, the account given by 
Halley is the only one duo to an English observer which contains a single remark of a 
physical nature. The other descriptions, relating to the duration and magnitude of the 
eclipse, merely served the purpose of enabling Halley to determine the precise track of 
the lunar shadow as it passed over England. Something might have been expected 
from Cotes, who observed the eclipse at Cambridge; but, according to Halley, he had 
the misfortune to he oppressed with too much eompany. The accounts given by the 
French observers of the total eclipse of 1724, are still more meagre and unsatisfactoi-y; 
since in this case there is not even one description which might compensate, in some 
degree by its merits, for the barrenness of the others. 
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few details respecting it, wMch have been extracted from the paper by 
Celsius embodying them. 

The pastor of Stona Malm states, that at Oatherinesholm, during the 
total obscuration, there was seen a ring around the sun about a digit in 
breadth, which there issued rays of liyht^'^. According to the pastor 

of Forshem, the ring appeared of a reddish colour, similar to that which is 
perceived in the Iris. At the commencement of the total obscuration it 
appeared broadest towards the west; in the middle it presented a uniform 
aspect; and at the close it was broadest towards the northf. Vallerius, 
another pastor, states, that the ring was more ruddy and compact close to 
the sun, and that at a distance from that body it appeared of a greenish 
colour. The pastor of Smoland affirms, that during the total obscuration 
the limb of the moon resembled gilded brass, and that the faint ring 
around it emitted rays in an upward as well as in a downward direction, 
similar to those seen beneath the sun when a shower of rain is imjpending 
M. Edstrom, Mathematical Eecturer in the Academy of Oharlestadt, as¬ 
serts, that the ring appeared everywhere of equal breadth, that it emitted 
rays from above as well as from below, that these rays were equal in 
brilliancy, but of unequal length, and that they 'plainly maintained the 
same position until they vanished along with the ring upon the reappear¬ 
ance of the sun's limb §. At Lincopia the ring appeared of a bright white 
colour, but it did not exhibit a aspect ||. From the descriptions given 

by several observers, it would seem that at the commencement of the total 
obscuration, the ring appeared brighter and broader at the part of the 
moon’s limb where the sun had disappeared, but that towards the close 
of the obscuration it was more conspicuous in both these respects at the 
part where the sun was about to emerge. 

It has been already mentioned, that a luminous ring was seen around 
the moon during the total eclipse of the sun which happened on the 9th 
of February, 1Y66. The most remai’kable feature exhibited by it con¬ 
sisted of four luminous expansions, separated from each other by equal 
intervals of 90°. Two of them were situate in the plane of the ecliptic; 
the other two were at opposite extremities of a diameter of the ring per¬ 
pendicular to that plane. A copy of a drawing of the ring by the officers 
of the French ship of war, the Comte d'Ao'tois, appears at the beginning of 
the second volume of Le Gentil’s Voyage dans les JSIers de VInde. 

A very interesting account of the luminous ring as it appeared during 
the total eclipse of 1778, is given by the Spanish Admiral Eon Antonio 
Ulloa. He states, that five or six seconds cfter the commencement of the 
total obscuration, a brilliant luminous circle was seen surrounding the 
moon, which became more vivid as the centre of that body continued to 
approach the centre of the sun. About the middle of the eclipse, its breadth 
was equal to one-sixth of the moon’s diameter. There appeared issuing 
from it, a great number of rays of unequal length, which could be discerned 
to a distance equal to the lunar diameter. It seemed to be endued with a 
rapid rotatory motion, which caused it to resemble a firework turning round 
its centre. The colour of the light was not uniform throughout the whole 
breadth of the ring. Towards the margin of the lunar disk, it appeared 
of a reddish hue ; then it changed to a pale yellow, and from the middle 

* Acta Lit. et Scien. Suec. Upsal., tom. iv., p. 56. -f* Ibid., p. 61. 

t Ibid., p. 62. § Ibid., p. 57. || Ibid., p. 59. 
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to the outer border, the yellow gi'adually became fainter, until at length it 
seemed almost quite white 

Ferrer, in his account of the total eclipse of 1806, has given a brief 
description of the luminous ring. He states, that the colour of the light 
emitted by it resembled pearl colour, and that it had a breadth of about 6'. 
From the exterior margin there were seen luminous rays extending out¬ 
wards to a distance of more than 3°, The light was brightest at the edge 
of the moon, and terminated very confusedly at the outer border. With 
respect to its relative position, the ring seemed to be concentric with the 
sunf. De Witt, who observed the same eclipse at Albany in the State of 
New York, states, that “ the luminous circle on the edge of the anoon, 
as well as the rays which were darted from her, were remarkably pale, and 
had that bluish tint which distinguishes the colour of quicksilver from a 
dead white.” I 

The luminous ring appeared with great splendour during the total 
eclipse of July 8, 1842. It was of uniform brightness in those parts 
that bordered on the moon’s limb, wlience it faded imperceptibly out¬ 
wards, terminating so confusedly, that it was impossible to trace its ex¬ 
terior limit. The difference between the inner and outer parts of the 
ring appeared to M. Arago to be sufficiently marked to sanction the 
subdivision of the ring into two concentric zones, the inner zone being 
everywhere of equal density and well defined at the outer border, while on 
the other hand the exterior zone, although the broader of the two, was 
fainter even at the inner border, and gradually diminished in brightness 
until it was lost in the surrounding darkness. The interior zone was a 
conspicuous object at all the stations wdiere the eclipse was observed, and 
everywhere presented the same aspect. The exterior zone, being much 
fainter, did not exhibit the same degree of magnitude at the different places 
of observation. Indeed it was only under favourable conditions of the 
atmosphere that it was visible at all. 

With respect to the dimensions of the corona, it could not be expected 
that the observations would present a very close agreement, owing to the 
indefinite nature of its structure. At Perpignan, M. Silva found by means 
of a repeating circle, that the interior zone had an invariable breadth of 3' 
during the wdaole time of complete obscuration. Mr. Airy estimated its 
breadth at an eighth part of the lunar diameter, or about 4''. From the 
statements of the various observers, it would appear that this part of the 
luminous ring, or in other words the part exhibiting a uniform condensation, 
extended from the moon’s limb to a distance of between 3' and 4'. 

The exterior zone of the corona being moi'e or less perceptible accord¬ 
ing to the condition of the atmosphere, there naturally arose considerable 
discordances in the observations relative to its breadth at the different 
stations. At Montpellier, M. Petit obtained 8' 45''' for the distance to 
which the corona was visible. This would indicate the breadth of the ex¬ 
terior part to be about 5'. Mr. Baily estimated the breadth of the whole 
corona at half the moon’s diameter, or about 16''. At Lipesk, where it 
appeared with great splendour, M. Otto Struve found*that it was visible 
to a distance of 25' from the moon’s limb. 

At several stations the regularity of the contour of the ring appeared 
to be interrupted by two or more expansions of light. In France there 

* Phil. Trans., 1779, p. 108. 

+ Trans. Amer. Phil. Soc., vol. vi.,p. 266. 


1: Ibid., p. 301. 
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were generally two sucli expansions Yisible. They were situate at oppo¬ 
site extremities of a diameter, passing through the point at which the sun 
went in behind the moon’s limb, and the opposite point at which he 
reappeared. At Milan, Sig. Picozzi observed,two jets of light occupying 
a similar position. It was, doubtless, from the same cause that the ring 
appeared slightly eccentric at Novai’a, for it was remarked that its 
greater axis coincided with the direction of the moon’s motion* * * § . A 
sinailar elongation of the ring was also observed at Padua, by Sig. Biela^ 
and several other persons f. Sig. Pietropoli, who observed the eclipse at 
that city, remarked that the ring sensibly bulged out at the opposite 
extremities of a diameter inclined to the horizon at an angle of about 
10° h M. Otto Struve perceived several luminous jets, which in some 
instances extended as far as 4° from the moon’s limb §. 

From the ring there were generally seen to issue diverging rays of un¬ 
equal length. At Perpignan, M. Mauvais found that some of these rays 
extended as far as 33' from the moon’s limb, Mr. Baily, in his account 
of the eclipse, remarks, that at Pavia the diverging rays had the effect 
of depriving the corona of the appearance of a ringjj. On the other, 
Mr. Airy states, with respect to the aspect of the corona, when viewed 
from the Superga, that, although a slight radiation might have been per¬ 
ceptible, it was not sufficiently intense to affect in a sensible degree the 
annular structure by which the luminous appearance was plainly distin¬ 
guished IT. These discordances are doubtless mainly attributable to the 
different conditions of the atmosphere at the various places of observation. 

Phenomena of a still more anomalous nature were remarked by several 
observers in France. At Perpignan, M. Arago, distinctly perceived with 
the naked eye, a little to the left of the diameter, passing through the 
highest point of the moon’s limb, a luminous spot composed of jets, en¬ 
twined in each other. He states, that “ in appearance, they resembled 
a hank of thread in disorder.” A similar phenomenon was observed at 
Montpellier. It was remarked, also, at some stations, that the direction 
of the diverging rays was not in all instances perpendicular to the moon’s 
limb. Some of these rays when prolonged towards the moon, instead of 
passing through the centre of that body, cut off only a small segment of 
her disk. 

The prevailing colour of the ring at the different stations was white. 
At Perpignan it assumed a yellowish hue in the telescope, but it appeared 
white to the naked eye. According to Mr. Airy, it had a close resemblance 
to peach colour. Mr. Baily and M. Otto Struve both found it quite white. 

The different degrees of brilliancy which the ring exliibited at the 
various places of observation is worthy of remark. At Perpignan, its 
lustre resembled that of the moon. The aspect which it presented to 
Mr. Airy, at the Superga, was somewhat similar. On the other hand, 
at Pavia it appeared with a splendour wliich excited the admiration of 
every spectator. “ I had imagined,” says Mr. Baily, “ that the corona, 
as to its brilliant or luminous appearance, would not be greater than that 
faint crepuscular light which sometimes takes place on a summer’s even- 

* Giorn. dell’ 1st. del Lomb., tom iv., p. 307. Sig. Configliachi also affirms, that at 

Monguzzo two expansions of light were visible at opposite extremities of a diameter of 
the ring, (^ee the volume above cited, p. 368.) 

f Giorn. dell’ 1st. del Lomb., tom. iv., p. 381. t Ibid., p. 383. 

§ Annuaire, 1846, p. 829. 11 Mem. Ast. Soc., vol. xv., p. 5. 

t Ibid., p. IS. ’ 
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ing, and that it would encircle the moon like a ring, I was, therefore, 
somewhat surprised and asi:onished at the splendid scene which now so 
suddenly hurst upon my view.”'®®’ At lipesk, the brilliancy of the ring 
was still more vivid. According to M. Otto Struve, it was so intense as 
to he barely supportable to the naked eye. So strong was the impression 
which it produced upon the spectators of the eclipse, that many of them 
could with difficulty be persuaded that the whole of the solar disk was 
actually concealed behind the body of the moon f. 

These extraordinary variations in the brightness of the ring are doubt¬ 
less attributable to the more or less favourable condition of the atmosphere 
at the different places of observation. In connexion with this explanation, 
M. Arago has suggested, with great probability, that the intense brilliancy 
which the ring exhibited at Lipesk, may have arisen from the compara’^ 
tively high altitude of the sun during the totality of the eclipse. As an 
illustration of this remark it may be stated that at Perpignan, where the 
ring resembled the moon in lustre, the altitude of the sun at the time of 
his total immersion was 11° 59'; whereas at Lipesk the altitude of the 
same body was 41° 19', when the totality of the obscuration took place. 
Now it is very manifest that the atmospheric medium of air through which 
the eclipse was observed, was much less favourable for discerning the 
.brightness of the ring in the former case, than it was in the latter 

At Montpellier, there were many persons who asserted that the ring 
turned continually round its centre. We have seen that a similar remark 
had been already made with respect to the coroncB which appeared during 
the total eclipses of 1652 and 1778. At Lipesk, the light of the ring 
seemed to M. Otto Struve to bo in a state of violent agitation. Mr. Baily 
states, that the rays had a flickering appearance, somewhat like that which 
a gas illumination might be supposed to assume, if formed into a similar 
shape. 

The ring generally became visible a few seconds previous to the total 
immersion of the sun, and it continued to be perceived during an equal 
interval of time subsequent to Ins reappearance. This circumstance sug¬ 
gested to M. Arago an interestiug method of determining the intensity of 
the light of the ring relative to the light diffused throughout the atmo¬ 
sphere by the full sun. It is manifest, tliat at tire instant when the ring 
first becomes visible, its light must exceed, in intensity, the atmospheric 
light which appears around it. In order tliat an object may become 
barely visible, it is necessary that its brightness should exceed that of the 
ground upon which it appears projected by a certain determinate quan¬ 
tity §. In this manner, then, the light of the ring l)ecomes directly com¬ 
parable in intensity with the light diffused around it. Now, the atmo¬ 
spheric light around the ring varies in the direct ratio of the solar segment, 
which remains uncovered by tlie moon. Hence, knowing the magnitude 
of the visible segment of the suii, it is easy to compare the light diffused 
by it through the atmosphere with the light diffused by th© full sun, and 
when this point has been ascertained, the relative intensities of the light 
of the ring and the light diffused by the full sun become comparable also. 
Now, the magnitude of the solar segment may obviously be deduced from 

* Mem. Ast. Soc., vol. xv., p. 4. 

+ Annuaire, 1846, p. 336. f Ibid., p. 336. 

§ At p. 381 of the Annuaire for 1846, M. Arago asserts, as the result of experiment, 
that in such a case the brightness of the object must exceed that of the ground upon 
which it is projected by a sixtieth part. 
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the interval of time vrliicla elapses between tlie instant of the ring beconi 
ing visible, and. that of total obscuration, for the time wliich. the moon 
takes to cover the segment will at once afford an indication of its breadth. 

It appears from the foregoing remarks, that the comparison of the 
light of the ring with the light diffused in the atmosphere by the full 
sun, depends upon the determination of the precise time which elapses 
between the commencement of the visibility of the ring, and the instant 
of total obscuration. On this point, however, the observations do not 
agree sufficiently well with each other, to be of much utility to enquirers 
in resolving so delicate a question. At Montpellier, M. Petit perceived 
the ring, five or six seconds before the sun had totally disappeared behind 
the dark body of the moon. At Salon it was seen by M. Largetau, four 
or five seconds previous to the total immersion. Mr. Daily has remarked, 
that only three or four seconds were wanting to complete the total immer¬ 
sion of the sun when he first saw the ring. 

The luminous ring was seen at some places that were situate actually 
beyond the limits of the lunar shadow, and where consequently a segment 
of the solar disk continued visible, even during the time of greatest obscu¬ 
ration. In such cases it is manifest that the magnitude of the solar seg¬ 
ment visible, upon which the relative intensity of the light of the ring, as 
determinable by the foregoing method, depends, may be obtained by cal¬ 
culating the maximum phase of the eclipse at the place under considera¬ 
tion. M. Arago cites an interesting observation of this nature, made by 
M. D’Hombre Firmas, at Alais, which was contiguous to the lunar shadow, 
but not actually involved in it. “ Every one,” says the last-mentioned 
individual, “ remarked the circle of pale light which encompassed the 
moon when she almost entirely covered the sun'-i'. It would appear that 
this is not the only instance in which the ring has been seen during a 
partial eclipse of the sun d. 

The ring at first was only partially visible, being incomplete on the 
side of the solar disk which was still uncovered by the moon. As soon, 
however, as the total obscm'ation was effected, the ring appeared entire. 
“ A bright line,” says Mrs. Aii*y, “ seemed to form round the right side 
of the moon before the disajDpearance, but not quite round, so fiiat tho 
ring was not complete ; but at the moment of the total disappearance, the 
ends seemed suddenly to join and form the complete ring.”.| At Milan, 
Sig. Majocchi, and his companions, perceived a fragment of the ring a 
few seconds before the total obscuration, situate in the region where the 
first contact of the two bodies took place ; and they continued to discern a 
faint trace of it in the opposite region, a short time after the reappearance 
of the sun §. This tallies exactly with the observation just cited. 

It was remarked that the ring first appeared brightest on the side 
of the solar disk, which was just covered by the moon, but that previous 
to the close of the total obscuration, it was brightest at the part where 
the sun was about to reappear. This interesting fact is alluded to by 
several of the observers of the eclipse. There was no defined edge 
to the ring; it changed sensibly, being brightest first on the left 

* Annuaire, 1846, p. 339. 

+ Thus in an account of the solar eclipse of November 27, 1722, communicated by 
an observer in America to the Royal Society, it is stated that at Barnstable, on Cape 
Cod, there was but a little left of the sun, and that nearer the head of the Cape, there 
was a ring of light quite round the moon (Phil. Ti-ans. 1724, p. 69). 

i Mem. Ast. Soc., vol. xv.,p. 16. § Annuaire, 1846, p. 340. 
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side where the sun had gone in, then below, and then on the right 
side; the light coining out at each place successively, like little beams 
from the moon’s edge. Such are the terms in which the variation of 
the appearance of the ring as viewed from the Superga, is described 
Sig. Piola states, that at St. Angelo, near Lodi, the same remark was made 
by every person who witnessed the eclipse f. It has been already mentioned 
that a similar fact was noticed, with respect to the appearance of the 
ring, during the total eclipses of 1734 and 1733. 

The question relative to the physical cause of the luminous ring has 
given rise to much speculation. Some persons have supposed it to derive 
its origin from the moon, while others again have maintained that it is 
purely a solar phenomenon. A brief historical statement of the different 
hypotheses that have been advanced in connexion with this subject may 
not, perhaps, prove uninteresting to the reader. 

Various explanations of the luminous ring have been advanced in ac¬ 
cordance with the supposition of its being an appendage of the moon. 
The earliest is that which ascribes it to the influence of a lunar atmo¬ 
sphere. It was first suggested by Kepler, as a probable mode of ac¬ 
counting for the phenomenon. He conjectured [that the rays of 
light pi'oceeding from the sun to the earth, might be refracted in passing 
through the moon’s atmosphere, and might thereby occasion an appearance 
resembling the luminous ring J. This view of the origin of the pheno¬ 
menon was regarded with favour by Halley, although at the same time 
he admitted that it could not be considered as fully established. If the 
ring was due to the existence of a lunar atmosphere, it ought invariably 
to appear concentric with the moon. On the other hand, if it arose 
from the presence of an atmosphere about the sun, it could only surround 
the moon equably at the instant when the centres of the two bodies wore 
in conjunction. In the latter case, it is manifest that the ring ought to 
appear broadest first at the point where the sun liad just di.sappoarod 
behind the moon’s limb, and afterwards at Iho opposite point- where ho 
was about to emerge. It is easy to sec, tlicrefore, that observations on 
the position of the ring during an eclipse, if e.xecuted with precision, might 
afford a valuable criterion for deciding the question, whether the ring was an 
appendage of the sun or moon. All such observations have, however, boon 
hitherto so vague and contradictory, that no reliable conclusion can bo 
deduced from them. The ring fades off so imperceptibly from tho moon’s 
limb, that the establishment, beyond all doubt, of a variation in its breadth 
during the passage of tho moon across the solar disk, if even such a varia¬ 
tion existed, would seem to be impracticable. In some instances it has 
been affirmed that the ring appeared concentric with the moon, wliile in 
others it has been maintained with equal confidence, that it was concentric 
with the sun. The observations in general are decidedly more favourable 
to the supposition of tlio ring being concentric with the sun, than to its 
holding a similar relation with respect to the moon§. But indeed it is 

* Mem. Ast. Soc., vol. xv., p. 16. 

-h Gior. dell’ 1st. del Lomb., tom. iv., p. 306. 

\ Ad Vitellionem Paralipomena, p. 302; Epitome Astronomioe, p. 893. 

§ Halley, while inclined to suppose that the luminous ring which appeared during (lie 
total eclipse of 1715, arose from the presence of an atmo.sphere about the moon, did not 
deny at the same time, that some persons found the ring to increase in breadth as the 
emersion approached. “ This circumstance,” says he, “ toejather with the contrary sen¬ 
timents of those whose judgment I shall always revere, makes mo less confident” \Phil. 
Trans. 1715, p. 249). It is not improbable that Halley here alludes to the illustrious 
Newton, with whom he lived on terms of intimate friendship. 
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evident, from a multitude of other considerations, that the moon does not 
possess an atmosphere so extensive as that which the ring would assign to 
her. Assuming the ring which was visible during the total eclipse of 180C 
to be really due to such a cause, Ferrer calculated, from the apparent 
breadth of the ring, that the atmosphere must have attained an elevation 
of 348 miles above the moon’s surface, whence it would seem to be fifty 
times more extensive than the earth’s atmosphere. He remarked, however, 
that the refraction of the lunar atmosphere, as indicated by observations of 
occaltations and eclipses, is so small, as to prove, beyond all doubt, that its 
density is 1980 times less than the density of the terrestrial atmosphere*^ . 
The observations of the total eclipse of 184S, tend also to show that if a 
lunar atmos^^here really exist, its effects are totally inappreciablef. It is 
impossible, therefore, to avoid the conclusion that the luminous ring 
cannot proceed from such a cause. 

Finding that the hypothesis of a lunar atmosphere was incapable of ac¬ 
counting for the phenomenon of the luminous ring. La Hire suggested, 
that it might be produced by the reflexion of the solar rays from the in- 
eoLualities of the moon’s surface contiguous to the edge of her disk, com¬ 
bined with their subsec[uent passage through the terrestrial atmosphere. 
In order to obtain an experimental illustration of this view of the origin 
of the ring, he took a round unpolished stone of a yellowish colour, which 
was about two inches in diameter; and having suspended it in the air, at 
the window of his chamber, sobs to appear in the direction of the sun, be 
retired within the chamber, keeping his eye in the centre of the shadow, 
until the stone covered the sun and extended a little beyond it. Ob¬ 
serving the stone at this distance, he perceived around it a bright 
margin of light which he ascribed to the reflexion of the solar 
rays from the asperities of its edge, and upon the same princiidc 
he asserted that the luminous ring which appeared around the moon 
during a total eclipse of the sun, might be accounted fork Delisle, how¬ 
ever remarked, as a proof of the fallacy of this explanation, that the same 
appearance would be produced if the stone was perjectl^ smooth, nay, bo 
even asserted, that if instead of the stone, a piece of black pasteboard, cut 
out into any shape approaching to a circle was employed, there would ap¬ 
pear a similar line of light around its edges. It was clear, therefore, that 
the hypothesis of La Hire was untenable. 

Delisle was the first who conjectured tliat the luminous ring might be 
occasioned by the diffraction of the solar rays which passed near the 
rnoon’s edge. He exhibited an illustration of the effect so produced by 

* Trans. Amer. Phil. Soc., vol. vi., p. 274. 

■f Louville has stated, that at London, during the progress of the total eclipse of 1715, 
the part of the solar disk contiguous to the eastern limb of the moon appeared to grow 
continually paler, so as to announce beforehand that it was about to be eclipsed (Mem. 
AiCad. des Sciences, 1715, p. 94). This circumstance was considered by him to afford a 
very convincing proof of the existence of an atmosphere about the moon. It is to be re¬ 
marked, however, that modern observations of eclipses have not indicated the slightest trace 
of a phenomenon analogous to that which Louville asserts to have noticed. The luminous 
ridges termed faculas, which occasionally appear on the surface of the sun, are especially 
favourable for such observations, on account of their uniform aspect, and the consequent 
ease w-ith which any variation in their brightness, resulting from the interposition of the 
lunar atmosphere, or any change in their form due to the refraction of the solar rays in 
passing through it, might he detected; hut although M. Arago and his colleagues watched 

great attention during the progress of the total eclipse of 
1842, they were unable to discern the slightest change in their appearance as they ap¬ 
proached the moon’s limb (A.nnuaire, 1846, p. 351). 

Mem. Acad, des Sciences, 1715, p. 161, et seq. 
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admitting the Bun’s light through a very small aperture into a dark room, 
and then receiving the cone of light thus formed upon a metal disk of some¬ 
what larger dimensions than the circular section of the cone. Upon then 
viewing the metal disk from behind* either with the naked eye or with a 
small telescope* he perceived around it a bright margin of light, exactly 
resembling that which was visible in the experiment of Ua Hire 

The explanation of the luminous ring proposed by Delisle has been 
favourably received by several enguirers in recent times, but the attempts 
to obtain an experimental illustration of it have not been attended with 
uniform Success. In some instances the sun was artificially eclipsed by 
XDlacing an opaque disk at the focus of the telescope; but no appearance 
resembling the luminous ring was discernible around the edge of the 
disk. In 1846 Prof. Powell communicated to the Astronomical So¬ 
ciety, a paper containing an account of a series of experiments executed 
by him, with the view of elucidating this interesting subject f. He as¬ 
cribes the failure of some of the previous experiments of the same nature 
to the circumstance that the origin of light which was situate in the focus 
of the telescope was made to coincide with the opaque disk eclipsing it, 
whereas, in all cases of diffraction it is an indispensable condition that 
the intercepting body should be at some distance from the origin of light. 
Before proceeding to describe his own attempts to produce the pheno¬ 
menon of the luminous ring, be remarks that in all those experiments 
which have for their object the exhibition of the ordinary diffractive fringes, 
it is essentially necessary, in the first place, that the origin of light be a 
point, or as nearly as possible so ; and, secondly, that the area of the 
diverging rays extend beyond the edge of the opaque diffracting body %. 
Having admitted the sun’s light through a series of apertures varying 
from to of an inch in diameter, he found that the fringes ceased to 
be distinctly visible when the diameter exceeded ff of an inch. Moreover, 
he remarked, that in all such experiments the fringes could only bo seen 
directly, as forming an optical imago in the air, wliicli was m’agniliod by 
an eye-lens. 

A phenomenon of a different kind was, however, perceptible, which 
continued to be discerned even when the conditions of the experiment 
were esentially varied. When a circular disk was employed to intercept 
the light, it was seen with the naked eye, or in a telescope, at a distance, 
bordered by a luminous ring, even in those cases wherein the diameter of 
the aperture exceeded of an inch, and whether the area of the rays fell 
without or within the opaque disk. It was found also, that although the 
ring was distinctly visible with the telescope when in focus for the opaque 
disk, it could not be seen with the eye-lens. Upon this ground Prof. 
Powell concludes that the phenomenon of the ring is not an ojatical 
image like that formed by the diffractive fringes, and, therefore, that it 
cannot be ascribed to the principle of diffraction, at least when considered 
according to the usual acceptation of the term. 

Prof. Powell found that tho ring ceased to bo discernible when 
the area of the rays fell short of ^ of the diameter of the diffracting 
disk, and that it increased in breadth as the area a 2 ^i)roaohed to an equa- 

* M^rti. Acad, des Sciences, 1715, p. 166, et seq. 

-f* Mem. Ast. Soc. vol. xvi,, p. 301, et seq. 

j It was in consequence of employing too large an aperture that Maviotte failed 
to verify the experiment of Grimaldi, and was hence led to doubt the reality of the 
principle of diffraction ( dcs Ctowfewrs, p. 33), 
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lity with the dish. When, the area of the rays was not concentric with 
the disk, the luminous ring appeared broadest at the part where the rays 
approached nearest the edge of the disk. 

In order to establish the experiment more fully, the ring was examined 
in a telescope wdth a magnifying power of 20, furnished with cross wires 
in its focus. Before the light was allowed to fall upon the opaq[ue disk, 
the edge of the latter was made to coincide with the intersection of the 
wires ; but as soon as the light was admitted through the aperture, the 
ring was seen extending sensibly beyond. The intersection of the wires 
was now made to coincide with the outer edge of the ring, and upon the 
exclusion of the light the disk was seen to Ixoxe fallen sensibly within. 

When the aperture of the telescope was diminished to of an inch, the 
ring still continued to be distinctly seen, but the diffraction produced by 
the contraction of the aperture now caused the fringes to be also Yisible. 

According to Prof. Powell, the colour of the ring was yellowish. There 
also appeared a faint bluish light extending within the dark circular area 
encompassed by it. 

The circumstances of the above-mentioned experiment, abstractedly con¬ 
sidered, bear a considerable resemblance to those which determine the ap¬ 
pearance of the luminous ring around the moon during a total eclipse of 
the sun. Moreover, the results may be said also to agree in their main 
features. It would seem, therefore, not improbable, that they are attri¬ 
butable to the same physical cause. This conclusion, however, has been 
objected to, on the ground of the resemblance between the natural and 
artificial eclipses not being sufficiently perfect, since, in the case of the arti¬ 
ficial eclipse, the diffracting body is surrounded by a medium possessing a 
considerable power of reflecting the solar light. Again, it has been re¬ 
marked by Sir David Brewster, that in all experiments similar to those 
above alluded to, the breadth of the ring is totally independemt of the 
magnitude of the diffracting body, and therefore the unavoidable con¬ 
clusion is, that in the case of the natural eclipse, the ring would be 
utterly invisible on account of the comparatively immense distance of 
the moon from the earth =4^. This must be considered as a fatal objection 
to the above explanation, if the principle upon which it is founded be 
admitted to be true. But besides, the diffraction theory is incapable of 
offering any account whatever of many of the subordinate features of 
the ring, and therefore upon this ground alone, it cannot be considered 
as affording a faithful representation of the phenomenon. 

W^hile some persons have sought to explain the luminous ring, by as¬ 
suming it to be an appendage of the moon, others have endeavoured to 
effect the same object by referring its origin to the sun. It has been 
already mentioned that the illustrious Kepler, who had the merit of first 
directing the attention of asti’onomers to the ring, suggested that it might 
arise from the refraction of the lunar atmosphere- Another hypothesis 
advanced by him, as probably involving the true explanation of the pheno¬ 
menon was to the effect that it was occasioned by the combustion of the 
ether in immediate contact with the sun f. It cannot be denied that, at 

* Brewster’s Edin. Encyclop., Art. “Astronomy.” 

+ Ad Yitellioneta Paralipomena, p. 301; Epitome AstronomxEe, p, 893. In order 
to account for the circumstance of the darkness not being equally intense during all total 
eclipses m the sun, Kepler imagined the ether to be sometimes very dense, and therefore 

contrary, at other times being very rare and limpid, it was 
liable to be affected by the action of the solar rays. In his explanation of this hypo¬ 
thesis, he mentions an experiment which it may not be uninteresting to describe, as it ap- 
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first sight this explanation appears veiy plausible, but it is to be remarked 
that the principle of an ethereal fluid pervading the celestial regions, upon 
which it is founded, is unsupported by any positive evidence of a trust¬ 
worthy character, and therefore it cannot be viewed in any other light than 
as a gratuitous assiimption. 

Other persons have sought an explanation of the luminous ring in the 
zodiacal light. It is to be remarked respecting this appendage of the sun, 
that it does not encompass his disk symmetrically, being somewhat elon¬ 
gated in the direction of the ecliptic. Dominic Cassini, to whom its dis¬ 
covery is due, remarked, that if it were palpably visible, it would probably 
appear as a faint chevelure about the sun*. Some slight traces of an elonga¬ 
tion of the luminous ring which appears around the moon during a total 
eclipse of the sun, have led to the surmise that it may possibly be no 
other than the zodiacal light. In the vast majority of cases, however, 
the ring has been found to be quite circular; and even in those cases 
\fherein luminous expansions have been observed at opposite extremities 
of a diameter of the ring, the elongation resulting therefrom does not take 
place in the direction of the ecliptic. 

The most probable explanation of the luminous ring is that according 
to which it arises from the presence of an atmosphere about the sun. Its 
round figure, its nebulous structure, and its gradually-diminishing density 
outwards, are all favourable to the supposition of its being due to an elastic 
fluid encompassing the solar orb, and gravitating everywhere towards its 
centre. It is true that precisely similar results would ensue from the 
existence of an atmosphere about the moon ; but, in fact, there is no reason 
to suppose that the moon possesses an atmosphere capable of producing 
an appreciable effect. On the other hand, the hypothesis of a solar atmo¬ 
sphere is not only warranted by the analogy of the other bodies of the 
planetary system, but is also supported by evidence of a positive nature 
derived from observations on the physical constitution of the sun. The 
changes presented by that body when viewed in the telescope can only bo 
consistently accounted for by the supposition of two dissimilar envelopes 
of matter susxoended in a transx)arent atmospliorc at different altitudes 
above his surface. That such a circumamhient fluid really exists is 
shewn most unequivocally by tlie gradual diminution of the brightness of 
the solar disk towards the margin. With res^iect to this fact, Mr. Airy 
states it is so |palj)able to observation, that when iii the course of his ex¬ 
periments he had occasion to throw a portion of the sun’s disk upon a small 
screen, he was always able to determine whether the limb was approaching 
the edge of the fully-illuminated screen simply by the change of the inten- 

pears to contain the germ of the discovery of the diffraction oj^ light usually ascribed 
to Grimaldi. Having inserted two small apertures in the window of a dark chamber, one 
of which was about the size of a grain of millet, and the other equal in magnitude to a pea, 
he drew two circles upon a screen placed opposite, the diameters of which bore the same 
proportion to each other as those of the apertures. The light of the sun being then ad¬ 
mitted through the larger aperture, depicted an image on the screen which exactly coin¬ 
cided with the larger circle; hut when this aperture was closed, and the light was admitted 
through the smaller one, the image was no longer well defined^ its margin was somewhat 
dushy, and finally it surpassed in magnitude the smaller circle. 

* Cassini first began to see the zodiacal light in March, 1683 ; and in the Journal des 
Savans for June of the same year, he made the remark alluded to in the text. For ari 
account of the obsex'vations (extending over several years) by means of which he defi¬ 
nitely established the existence of this phenomenon. See Anc. MiCm. A.cad. des /Sciences, 
tom. viii., p. 121, et seq. 
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sity of illumination Noav it is very manifest that the presence of an 
atmosphere about the sun would occasion a variation in the brightness of 
his disk similar to that above alluded to, since the rays emanating from the 
edge, by reason of their obliquity, would pass through a greater depth of the ^ 
elastic fluid, and therefore would undergo a more considerable absorption 
than those proceeding from the regions nearer his centre. Again, it is to 
be remarked, that there are not, as in the case of the moon, any facts at 
variance with the supposition of an atmosphere about the sun, so extensive 
as that which the luminous ring would seem to indicate. Moreover, the 
hypothesis of a solar atmosphere adapts itself to the modifying phenomena 
by which the ring is occasionally characterised, with greater facility than 
any other. Thus what can be more natural than the conclusion that the 
reddish maculm observed during the total eclipses of 1733 and 1843 
were clouds suspended in the solar atmosphere ? These phenomena are 
so intimately connected with the question relative to the existence of the 
luminous ring, that it will be desirable to present the reader with a 
detailed account of the more prominent features by which they were dis¬ 
tinguished. 

With respect to the spots which appeared during the total eclipse of 
1733, Vassenius gives the following description of them in a short paper 
on the eclipse which he transmitted to the Royal Society of London:— 
‘‘ But what seemed in the highest degree worthy not merely of the admira¬ 
tion, but also of the attention of the illustrious Royal Society, were some 
reddish spots which appeared in the lunar atmosphere without the periphery 
of the moon’s disk, amounting to three or four in number, one of which 
was larger than the others, and occupied a situation about midway be¬ 
tween the south and west. These spots seemed in each instance to be 
composed of three smaller parts or cloudy patches of unequal length, 
having a certain degree of obliquity to the periphery of the moon. Having 
directed the attention of my companion to the phenomenon, who had the 
eyes of a lynx, I drew a sketch of its aspect. But while he, not being 
accustorued to the use of the telescope, was unable to find the moon; I 
again, with great delight, perceived the same spot, or, if you choose, rather 
the invariable cloud occupying its former situation in the atmosphere near 
the moon’s periphery.” He adds, that he continued to observe the phe¬ 
nomenon for the space of 40 seconds, until it finally vanished with the 
appearance of the first rays of the sun f. 

\ asseuius, in the foregoing account, assumes without hesitation, that 
the luminous rmg arises from the existence of a lunar atmosphere. His 
interesting statement respecting the reddish spots which he perceived in 
it, IS corroborated by the pastor of Marstroom, who appears also to have 
witnessed a similar phenomenon. The following are the terms in which 
Celsius, while citing the observation of Vassenius, alludes to its confirma¬ 
tion by that individual:—“ In the luminous ring itself, he (Vassenius) 
perceived three or four lucid macules of unequal form and magnitude 
near the lunar periphery, but still not adhering to it. He also affirms, 
that at Marstroom, M. Brag, the pastor of the place, also saw the same 
maculcB near the moon s limb, through an English telescope of excellent 
construction.”! 


Miem, Ast. Soc,, vol. xv. p. H. + Phil. Trans., 1733 o 13^ 

of if Suea., vol, iv., p. 65, As it has been considered that the observation 

ot the Swedish pastor, cited m the text, tends to throw some ambiguity {quelqne Touche) 
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It is probably a similar phenomenon wiiicli is alluded to by Sueblius, 
another Swedish pastor residing at Calmaria on the Baltic Sea, In his 
account of the same eclipse, he states that, ‘‘ on the right of the sun 
towards the north, he perceiyed tvoo lucid streaks parallel to each other 
and inclined to the horizon.” * 

The following is a description, by M. Mauvais, of the phenomena of 
a similar nature which appeared during the total eclipse of 1843, as 
they were seen by him at Perpignan. 

“ A few seconds after the total obscuration, while attempting to detei"- 
mine the breadth of the ring, I perceived a reddish point at the inferior 
limb of the moon, which did not, however, p^roject sensibly. 'When 
seconds had elapsed from the total obscuration, the reddish point of which 
I have been speaking transformed itself into two protuberances, similar to 
two contiguous mountains, perfectly well defined. They were not of a 
uniform colour; upon their flanks were seen streaks of a deeper tint. I 
cannot give a more exact idea of their aspect than by comparing them to 
the peaks of the Alps illuminated by the setting sun and seen afar off. 
One minute and ten seconds had elapsed from the total obscuration, when 
a third mountain was perceived to the left of the two others. It exhibited 
the same aspect as far as regards colour. It was flanked by some smaller 
peaks, but all were perfectly well defined. 

“ While this third mountain was in the process of issuing forth, the 
first two continued all the while to increase. They attained a height 
which, according to my estimation, subtended an angle of about S'. 

“ The interval betw^een the two groups appeared to embrace an arc of 
about 35® upoii the moon’s limb. The most considerable group, the most 
western in appearance, seemed to me to be a few degrees to the left of the 
lowest point of the lunar disk.”-j- 

M. Mayette, a captain of the French Fngineers, wlio also observed the 
eclipse at Perpignan, compared the protuberances to heaiUiful sheaves of 
flames. He states, that he continued to' see the most northern sheaf a 
few seconds after the emersion of the sun. 

M. Petit states, that at Montpellier the two inferior points first ap¬ 
peared, the more western before the other. They gradually but rapidly 
increased in magnitude, as w^ell-defined objects would have done, emerging 
from behind the lunar disk. By actual measurement M. Petit obtained 
1/ 45" for the angular magnitude of the largest of the luminous protu¬ 
berances. 

At Toulon, which was near the southern limit of the lunar shadow. 
Captain Berard, of the French Marine, remarked that, during the interval 
of total obscuration, there was seen beyond the moon’s limb, near the 
region where the sun was about to emerge, a very slender red band, 
irregularly indented, or as it were fiU'rowed here and there with hollows. 

M. Flaguergues, who observed the eclip'se at the same place, remarked, 

upon the statement of Vassenius, inasmuch as it represents the spots to be hi contact with 
the moon’s limb, it may be desirable to give the precise words in which it is expressed in 
the original by Celsius, which are to the following effect:—“ Has etiani maculas Marstrandii 
per Anglicanum optimse notrn teleseopiumyMarte lunm limbum perceptas esse refert a pas- 
tore loci Dn. Brao".” It is clear from the words in italics (which however are ntjt marked 
so in the original)’that the observation of M. Brag, so far from contradicting that of Vas¬ 
senius, affords a most satisfactory confirmation of it. 

* Acta Lit. et Scien. Suec., tom. iv., p. 63. 

d" Annuaire, 1^46, p. 409. 
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that previous to the reappearance of the sun, he perceived first one lu¬ 
minous point, then a second, and soon afterwards a third, all visible in the 
region ie>Jie 7 's the sun %vas about to einei'ge, 

M. "Valz thus describes the appearance presented at Mai'seilles during 
the totality of the eclipse. “ Forty seconds previous to the end of the 
total obscuration, I perceived near the part of the moon’s limb where I 
expected the sun to reappear, two points- near each other of very great 
brilliancy, more bidlliant even than stars of the first magnitude. Their 
light was white like that of the sun. There was seen issuing from each of 
these points a train of light resembling that which is perceived in a dark 
room, into which the solar light penetrates through an aperture, but only 
more divergent; and coinciding in du'ection with the rays issuing from the 
luminous ring. . . . Fifteen seconds afterwards, a third brilliant 
point appeared, more to the north, accompanied also with a diverging 
train of light, and contributing to form a portion of the radial glory of the 
ring.” M. Valz, who supposed that the luminous points perceived by him 
were situate a little %oithin the margin of the lunar disk, was under the im¬ 
pression that they were occasioned by the sun shining through deep 
valleys on the moon’s surface, which in each instance appeared to be 
closed at the top, by the projection of one of the sloping sides of the valley 
upon the opposite side. He states, that according to the relative move¬ 
ment of the sun and moon, the first luminous points were situate about 
30'' within the moon’s border. 

At Visan, which was situate close to the northern limit of the lunar 
shadow', M. Guerin perceived, immediately after the total obscuration, 
seven or eight very distinct indentations, which might have been taken for 
so many stars of different magnitudes. They were redder but less bril¬ 
liant than Mars. If the whole periphery of the lunar disk had been bor¬ 
dered with similar luminous points, it would have presented the appear¬ 
ance of a hose of ebony garnished with rubies. 

At Digne, M. Eugene Bouvard perceived two brushes of light at the 
lower part of the moon’s limb. They were formed of rays of a beautiful 
red mingled with some rays of orange colour. They gradually became 
broader and fainter as they receded from the moon’s limb^. 

The accounts respecting the appearance presented by the luminous pro¬ 
tuberances in Italy, do not difier materially from those of the French 
observers. Mr. Aix'y remarked, that in form they somewhat resembled 
saw teeth in the position proper for a circular saw, inclined in the same 
direction as that in wdiich the hands of a watch turn. Their height was at 
least equal to a fourth of the breadth of the ring, or I'-j-. 

According to Mr. Baily, the luminous iDrotuberances had the appear¬ 
ance of mountains of a prodigious elevation. Their colour was red, tinged 
with lilac or purple. “ Perhaps,” says he, “the colour of the peach blossom 
would more nearly rejxresent their aspect.” They somewhat resem¬ 
bled the snowy tops of the Alpine mountains when coloured by the 
rising or setting sun. Their light was perfectly steady, having nothing 
of the flickering appearance observable in the corona. The most con¬ 
siderable was bifurcated down to its base, insomuch that one might have 
said, there were two protuberances, the one being projected upon the 
other h 


* Annuaire, 1846, p. 420. 

"I- Mem. Ast. Soc., vol. xv., p. 16. 
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At several of the stations in Lomhardy, where the eclipse was observed, 
only two protuberances were visible, 

Sig. Santini states, that at Padua, the luminous protuberances pre¬ 
sented the appearance of irregular columns of smoke, undulating upon 
broad bases, and seeming to ascend from behind the body of the moon 

Sig. Biela, who observed the eclipse at the same city, states, that there 
appeared at the lower part of the moon’s limb, three pyramids of a dark 
reddish colour, resembling burning coal, or rather approaching to the 
colour of purple. Two of these pyramids were near each other; the 
third, which was the largest, was more to the left, but still was to the 
right of the point at which the sun was about to reappear. The light of 
the sun first appeared in isolated points, which in a few instants united 
together, and formed an excessively slender lunule. The lunule had already 
been formed a few seconds, when the reddish pyramids disappeared f. 

The following interesting account of the luminous protuberances is given 
by M. Littrow of Vienna. 

“ Shortly after the formation of the ring there appeared luminous spots 
in several points of the contour of our satellite. Three of these spots 
were particularly remarkable. Their colour was red with a tinge of blue. 
They very much resembled the summits of the glaciers gilded by the 
rising or setting sun ; only they did not terminate in peaks. The largest 
spot was about 5' in height, and was about 3' broad at its base. Their as¬ 
pect, which was first white, changed to rose colour and then to violet; and 
afterwards passed in a reverse order through the same tints. . . . The 

protuberances were visible before they assuvied a coloured hue, and they 
continued to be visible after their colour was dissipated.”! 

M. Otto Struve has stated, that at Lipesk, a little before the reappear¬ 
ance of the sun, M. Schidlowsky perceived several rose-coloured flames 
which appeared suddenly to burst out at several parts of the lunar disk. 
They resembled mountains, whose height, by estimation, appeared to be 
about 3'’. A very large part of the lunar disk teas garnished %vith a similar 
reddish bordering. M. Schidlowsky w’as unable to examine the entire 
contour of the moon, for soon after he observed the phenomenon, the 
sun reappeared. 

The first question which naturally suggests itself upon the perusal of 
the foregoing statements is this—do the luminous protuberances noticed 
by the various observers belong to the sun or to the moon ? Admitting 
that they were appendages of the moon, they may be conceived as repre¬ 
senting either mountains on her surface or clouds suspended in her atmo¬ 
sphere. To adopt the former of these explanations, however, would be 
assigning to the lunar surface inequalities, vastly exceeding those dedu- 
cible from other phenomena of a less doubtful nature. Nor is the sup¬ 
position of a meteorological origin more probable, since it appears from a 
multitude of considerations that if an atmosphere really exist about the 
moon, it is utterly incapable of holding in suspension clouds of such 
enormous magnitude as the apparent dimensions of the protuberances 
would indicate. The conclusion, therefore, seems to be unavoidable, that 
whatever be the real nature of the phenomena, they cannot be referable to 
the moon. 

But, on the other hand, if they be admitted to be clouds suspended in 

* Giornale dell’ J, R. Istituto del Lombardo, tom. iv., p. 378. 

■f Ib., p. 382. J: Aunuaire, 1840, p. 434. 
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the solar atmosphere, the explanation of the various facts relating to them 
becomes more consistent and probable. 

1°. That they are solar and not lunar phenomena is evident from their 
being invisible for some time after the total obscuration, as well as from 
their appearance as luminous points, and their subsequent gradual increase 
of magnitude. All these facts are stated with great precision by M. 
Mauvais. They are the results which would obviously follow from the 
contiguity of the protuberances to the sun at the upper and western part 
of the limb, and their gradual disclosure by the motion of the moon 
towards the east. The last-mentioned fact of the protuberances being 
gradually brought into view by the motion of the moon over the suns dish 
is distinctly asserted by M, Petit as having been very palpable to ob¬ 
servation 11 • i. 

3°. Near the southern limit of the lunar shadow the moon would project 
considerably beyond the superior part of the sun’s limb, and therefore it 
might be expected that the large protuberances seen elsewhere would con¬ 
tinue to be almost totally concealed, so as to appear only as luminous 
points. This circumstance would prevent them, from attracting more 
peculiarly the attention of the observer, who might consequently be 1^ to 
discover similar yoints of equal minuteness, which might otherwise have 
escaped his notice. The truth of this remark will be more apparent to 
the reader when he takes into consideration the extreme shortness of the 
interval of total obscuration, even at those places that were situate in wie 
very centre of the shadow, and the variety of circumstances which call for 
the vigilant attention of the observer during the lapse of that interval. 
The phenomena observed at Toulon, which was situate only a short dis¬ 
tance within the south boundary of the shadow, is quite consistent with the 
above conclusion. 

3®. Towards the northern limit of the shadow, where the naoon pro¬ 
jected only in a small degree over the superior part of the sun s limb, it 
might be expected that the protuberances would become visible imme^ 
diately after the commencement of the total obscuration. This circum¬ 
stance actually occurred at Visan, as has been already mentioned. It is 
difidcult, however, to account for the smallness of the angular dimensions 
under which the protuberances appeared at that place. Perhaps it arose 
from the shortness of the interval of total obscuration, not allowing the 
eye sufficient time to recover from the dazzling effect of the sun’s light, 
so as to take due advantage of the obscurity which actually prevails. We 
have seen that the nonvisibility of the stars of the second magnitude during 
the total obscuration has been referred with great probability to the same 
cause. 

Admitting, then, that the phenomena had an intimate connexion with 
the sun, there are various facts which render the supposition, of their 
meteorological origin extremely probable. 

1°. The reddish colour of the light emitted by them indicates that they 
possess the property of absorbing in a great degree all the rays of the 

* It is not to be denied that the size which the protuberances ultimately acquired, when 
taken into consideration with the fact of their first appearance after the total obscuration, 
as mere luminous points, considerably exceeds that which this explanation of their appa¬ 
rent growth would assign to them. It is to be remarked, however, that when they first 
became visible, the eye had not in all probability recovered from the dazzling effect of the 
sun’s rays, so as to diaceirny«% the portion of each protuberance that was already disclosed 
to view. 
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spectrum, except the red, as in the case of the terrestrial clouds when 
they are seen illuminated by the sun after his disappearance under the 
horizon. 

9°, The radial appearance which the protuberances exhibited to M. 
Eugene Bouvard can only be explained by the supposition of the rays of 
the sun forcing their way through the interstices of the clouds contiguous 
to his luminous surface, and illuminating the particles of the solar atmo¬ 
sphere situate beyond in the line of their emanation. So also with respect 
to the luminous points observed by M. Yalz, it is impossible otherwise to 
account for the constant emanation of the rays outwards in a direction 
normal to the moon’s limb. 

3°. The zone of a deep red colour observed at Toulon towards the part 
of the moon’s limb where the sun was about to emerge, clearly indicates 
the accumulation of nebulous matter in the lower regions of the solar 
atmosphere, as well as the condensation of the circumambient fluid of 
which the latter is composed, towards the surface of the sun, arising from 
the pressure of the superincumbent strata. 

The indications of a solar atmosphere afforded by phenomena boaring 
a strong resemblance to clouds and nehuloxis strata, as well as by the ap¬ 
pearance of rays in a direction normal to the sun's limb although 
chiefly conspicuous during the total eclipses of 1733 and 184Q, have pre¬ 
sented themselves on numerous other occasions in a greater or less de¬ 
gree of developement. As this is a point of considerable importance in 
the question relative to the physical constitution of the sun, it perhaps 
may not he out of place to give a brief statement of all those observations 
which tend more especially to illustrate it. 

Captain Stannyan, who observed the total eclipse of 1706 at Berne, 
states, that the emersion of the sun teas preceded by a blood-red streak of 
light from its left limb, which continued not longer than six or seven 
seconds of time ■[. 

A similar phenomenon was remarked by both Halley and Louville on 
the occasion of the total eclipse of 1715. Halley, in his account of the 
eclipse, states, that about two or three seconds before the emersion, a long 
and very narroio streak of a dusky but strong rod light, seemed to colour 
the dark edge of the moon on the western side where the sun was just 
coming outf, Louville states that, towards the end of the total ob¬ 
scuration, there was seen about the moon’s limb, at the place where the 
sun was about to emerge, an arc of a deep red colour. In order to obtain 
an assurance that the phenomenon was not due to the aberration of the 
telescope, he took the precaution of viewing it through the very centre 
of the object-glass, when he found that it exhibited the same colour as 
before §. 

Don Ulloa, in his account of the total eclipse of 1778, speaks of a point 
of red light which appeared on the edge of the moon’s disk near the place 
where the sun was about to emerge- It first became visible about a 
minute and a quarter before the reappearance of the sun. It then 

* It has been mentioned in the account of the appearance presented by the luminous 
ring during the total eclipse of 1733, that there were seen emanating from it rays of 
unequal length, which constantly maintained the same position. This description is 
clearly at variance with the supposition of the phenomenon being due to the irregular 
scintillation of a luminous object. 

+ Phil. Trans., 1706, p. 2240. j: Phil. Trans., 1715, p. 250. 

§ M(im. Acad, des Sciences, 1715, p. 93. 
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equalled a star of the fourth magnitude, hut it gradually became larger. 
W^heii it attained the size of a star of the second magnitude, the edge of 
the sun emerged from behind the moon, and it then ceased to be visible. 
He remarks that it appeared so near the edge of the moon as to leave no 
doubt of its belonging to the body of the sun^. He, in fact, supposed the 
phenomenon to arise from the sun being visible through a hole the 
hody of the wioon. There can be no doubt, however, when we take into 
consideration the contiguity of the luminous point to the edge of the 
lunar disk, as well as its deep red colour and its gradual increase of 
apparent magnitude, that it was exactly of the same nature with those 
luminous points that were seen at several places during the total eclipse 
of 1843. 

HVith respect to the total eclipse of 1806, Ferrer remarks that, a few 
seconds before the emersion of the sun, he observed a zone to issue con-' 
centric with the sun, similar to the appearance of a cloud illuminated hy 
the solar rays f. 

It has been mentioned that, during the total eclipse of 1842, there was 
seen at Toulon a hand of red light around a portion of the moon’s limb. 
The following observations of the same eclipse afford evidence of a 
similar phenomenon. 

Signor Santini states, that wdiile engaged in watching the last fragrnent 
of the solar light, in order to determine the instant of total immersion, 
there appeared on the right as well as on the left several Imninoits streaJcs 
separated hy obscure and even absolutely darh intervals, which vanished a 
little before the immersion of the last point of the solar disk X' 

Signor Conti mentions in his account of the eclipse, that, previous to 
the emersion of the sun, there appeared a reddish arc of light on the right 
side of the lunar disk. When it became a little brighter, he perceived 
another vivid light separated from the former hy a darh interval. The 
phenomenon was visible only for a short time§. 

Sig. Pietropoli, who also observed the eclipse at Padua, states that pre¬ 
vious to the total immersion, he perceived below to the right two very 
beautiful patches of Ught\\. 

Sig. Radman, another observer at Padua, appears to have witnessed the 
phenomenon both before and after the total obscuration. He asserts 
that no sooner was the sun totally obscured, than there appeared a very 
slender streak of a reddish light, surrounding somewhat less than half the 
circumference of the moon, disposed equally on each side of the place 
where the last ray of the sun was extinguished. He adds, that it soon 
vanished, but that it reappeared at the instant of the emersion of the 
sun IT. 

M. Schumacher thus describes the appeai'ance presented by the moon’s 
limb immediately previous to the termination of the totality of the eclipse. 
“ A little before the emersion of the sun, there appeared near that part 


* Phil. Trans., 1779, p. 110- 

+ Trans. Amer. Phil. Soc., vol. vi., p. 274. The following account of this phenomenon 
is given by Mr. Garnett, who assisted Ferrer in his observations. “ Before the end of the 
total eclipse, the west limh of the moon begun to be illuminated, and the light increased 
so rapidly, that I at last mistook it for the sun’s egress, and called the time to Mr. Ferrer j 
but he saw the error, and still kept his eye to the glass, when the first solar ray nearly 
blinded him.”— TillocJCs Journal of Natural JPhilosophy, vol. xix., p. 322. 

f Giom. dell’ 1st. del Lomb., tom. iv., p. 379, § Ibid., p, 380. 

11 Ibid., p. 303. t Ibid., p. 384. 
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of the lunar disk from behind which the first ray of light was about to 
issue, a narrow streah of rose-coloured red light, which extended, perhaps, 
over an arc of 70° or 80° along the moon’s limb, and which disappeared 
with the luminous ring and the rose-coloured mountains as soon as the 
first ray of the sun darted forth 

M. Otto Struve was under the impression that, immediately before the 
disappearance of the sun, he perceived a red streak of light along the 
moon’s limb, about 45° from the point where the total immersion took 
place i. 

The radial appearance noticed during the total eclipse of 184Q, imme¬ 
diately before and after the complete obscuration, is also a phenomenon 
which obviously indicates the existence of a solar atmosphere. Thus, in 
the description of the eclipse ascribed to Mrs. Airy, it is affirmed, that with 
respect to the place where the sun had gone in, and that where he was 
about to emerge, the light came out successively like little beams from the 
moon's edge b Moreover, it is stated that the light of the ring did not 
present any remarkable change until the little flame-coloured beams shot 
out for a few seconds before the reappearance. This emanation of red ra 5 ’'s 
in a direction perpendicular to the moon’s limb, can only be accounted for 
by supposing the rays of the sun to be obstructed in their progress out- 
w-ards, by a dense atmosphere enveloping the solar surface and exercising 
an influence on the primitive rays of the spectrum similar to that pro¬ 
duced by the terrestrial atmosphere. 

The accounts respecting anmdar eclipses are not wanting in allusions 
to phenomena indicative of a solar atmosphere, analogous to those which 
have.been already noticed. A brief review of those which more especially 
bear on the subject, cannot fail to prove interesting to the reader. 

Maclaurin, in his account of the annular eclipse of 1787, states that a 
little before the formation of the ring, a remarkable point or speck of 
pale light appeared near the middle of the part of the moon’s limb that 
w’as not yet come upon the disk of the sun, and that a gleam of light more 
faint than this light seemed to he extended from it to each horn. This 
phenomenon was seen about fifteen seconds previous to the projection of 
the whole body of the moon upon the solar disk §. 

Maclaurin also states that Lord Aberdour, who observed the same 
eclipse, remarked that a narrow streak of a dusky red light coloured the 
dark edge of the moon, immediately before the ring w'as completed, and 
after it was dissolved \\. 

"Van Swinden, in his account of the annular eclipse of September 7, 
18S0, as observed by him at Amsterdam, states that just before the 
annulus was formed, he perceived above the yet immersed limb of the 
sun, a very small arch of light, which wus no part of the solar disk. Pie 
also adds that the space between it and the moon’s dark limb was not 
illuminated. It might have been compared, as to colour and appearance, 
with the end of the flame of an argand lamp projecting beyond the 
chimney or glass tube IF. 

* Annuaire, 1846, p. 437. + Ibid., p. 437. 

:j: Mem. Ast. Soc., vol. xv,, p. 16. 

§ Phil. Trans., 1737, p. 181. || Ibid., p. 182. 

^ Mem. Ast. Soc. vol. i., p. 145. Van Swinden mentions, in the account of his 
observations, that during the annular eclipse of 1764, a similar arc of faint light was seen 
around the moon’s limb at Toulouse, by M. Darquier. 
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The late Mr. Henderson, who observed the annular eclipse of May 16, 
1836, at Edinburgh, states, in an account of his observations of the 
phenomenon, that, previous to the formation of the annulus, when the 
cusps were about 30° or 40° from each other, an arc of faint reddish 
light was seen extending between them. This appearance lasted several 
seconds*. - 

The observations made in the United States of America during the 
annular eclipse of February 10, 1838, furnish additional illustrations Of 
the same phenomenon. Prof. Henry, who observed the eclipse at 
Princeton College, New Jersey, states that about two minutes before tho 
formation of the ring, he perceived an arch of faint light between the 
cusps, and shortly afterwards a brush of greater intensity, j)rojecting from 
near the lower cusps f. A similar appearance was witnessed by Prof. 
Johnson, who observed the eclipse at Philadelphia. About a minute 
before the formation of the ring, he perceived an arch of faint light 
beyond the cusps, with a spech or brush in the centre extending outwards 
to a distance of two degrees. At the instant of the formation of the 
annulus, the arch of light had much increased in brightness. The 
brush which was originally in the centre, now extended from cusp to cusp, 
radiating outwards to the extent, of nearly three digits J. 

Two observations at least, tending to illustrate the subject under con¬ 
sideration, were made during the annular eclipse of October 9, 1847. 
Dr. Forster, who witnessed the eclipse at Bruges, has stated in an account 
of his observations that there was visible a very remarkable luminous arc or 
ridge of light, differently coloured from the rek of the sun, extending along 
and immediately on the limb of the moon between the cusps. The appear¬ 
ance lasted nearly five minutes §. Captain Jacob, who observed the eclipse 
at Bombay, states, that shortly before the annular phase, s. faint ray or 
brush of light was seen issuing from, the sun’s northern cusp, which soon 
after extended in both directions as a tangent to the sun's limb j|. 

It might he expected, that the arcs and specks of light observed around 
the moons dark limb during the total and annular eclipses of the sun, 
might he also occasionally seen during partial eclipses of considerable 
magnitude- The following are a few instances in which phenomena of 
this nature appear to have been visible. 

It has been already mentioned that an eclipse of the sun happened in 
the year 1005, which was total at Naples. Kepler states that at Antwerp, 
where the upper limb of the sun projected about a digit beyond the 
moon’s limb, the circumference of the lower limb of the moon was ren¬ 
dered visible by means of a ruddy light bordering it IF. 

On the :2^nd of June, 1666, there occurred a partial eclipse of the sun 
which was visible at Eondon. In an account of the phenomenon as observed 
by Hooke and several other individuals, it is stated that “ about the middle 
between the perpendicular and westward horizontal radius of the sun, 
viewing it through Bayles GO-feet telescope, there luas seen a little of the 
limb of the moon without the dish of the sun, which seemed to some of 


Mem. Ast. Soc., vol. x., p. 37. 

+ Silliman s Journal, vol. xxxviii., p. 166. J Ibid., vol. xxxviii., p. 159. 

§ This statement is contained in a letter to Prof. Powell (Brit. Ass. Rep., 1848; 
Transactxons of the Sections, p. 4). i , « u , 

II Monthly Proc. Ast. Soc., vol. viii., p. 27, . ^ De Stella JVovaj p. 116. 
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the observers to come from some shining atmosphere about the body 
either of the sun or moon.” 

The eclipse of September S4, 1699, which was total in some parts of 
the north of Europe was very considerable at Eeipsic, where 11-30 digits 
of the solar diameter was immersed. In an account of the eclipse, as it 
appeared at that city, it is asserted that when the cusps of the moon were 
almost parallel to the horizon, the extremity of the moon looking down¬ 
wards was somewhat enlightened, and of a hind of saffron colour f. 

The solar eclipse of July 14, 1748, although seen annular in various 
parts of Scotland, failed in a small degree from being so at Aberdour 
Castle, where it was observed by Lord Mortoun the proprietor, Lemonnier 
the French astronomer, and Short the famous optician. In his account 
of the eclipse. Short states that when the interval between the moon’s 
cusps did not exceed one-seventh of the moon’s circumference, a brown 
light was plainly perceived both by Lord Morton and himself, to extend 
from each cusp about one-third of the whole distance between them. He 
adds also, that he perceived at the extremity of this brown light, which 
came from the w^estern cusp, a larger quantity of light than usualX- 

The following is an account of the appearance presented by the partial 
eclipse of February 13, 1831, at Burlington, New Jersey, United States, 
where it was observed by Mr. Gunimere :—“ At the time of greatest ob¬ 
scuration,” says that individual, “ the cusps were very sharp and well 
defined, but a thread of light eocterided from each along the cireumference 
of the sun's dish. About a minute after a spot of light was observed a 
few degrees from the south-western cusp, extending inwards from the 
thread which proceeded from that cusp.”§ 

Bessel thus describes the appeai-ance presented during the solar eclipse 
of May 15, 1836, which failed in a small degree to be annular at 
Eonigsberg, where that astronomer observed it ; although in reality it 
w-as of the annular species :— “ About twenty-live seconds before the 
nearest approach of the centres of the two bodies, T perceived near the 
extremity of the superior cusp a luminous point, which, without having 
the brightness of tlie sun, was very distinctly visible with the powerful 
heliometer. As the cusps were then approaching each other, I hoped 
that the annulus was about to form, but this did not happen. With 
I'espect to the point which I have just alluded to, it became more luminous 
Other similar points appeared wdiicli soon united together, and rendered 
visible all the portions of the moon’s limb, included between the extremi¬ 
ties of the cusps.” II 

Captain Smyth, who observed the same eclipse at Bedford, where it was 
also partial, has given the following description of a similar phenomenon :— 
“ A little before the greatest obscuration, the sun having then an altitude 
of about 40°, the southern cusp was considerably tlie brightest, and I then 
distinctly perceived a small portion of the lunar limb outside the solar 
orb. As the moon passed over, her following limb was brightened by a 
fine line of light." 

The eclipse of February 10, 1838, although seen annular in several 
parts of the United States, slightly failed to appear so at New York. An 


* Phil. Trans., 1666, p. 295. t Ibid., 1700, p. 622. t Ibid., 1748, p. 586. 
§ Trans. Amer. Phil. Soc., New Series, vol. iv., p. 128. 

11 Mem. Ast. Soc., vol. x., p. 32. 

^ Smyth’s Cycle of Celestial Objects, vol* i., p. 142. 
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intelligent observer of tbe eclipse at tbat city alludes—in a note contain¬ 
ing suggestions relative to tbe total eclipse of 1843—to a jjbenoxnenon 
wliicb be says may indeed have been observed at other times and recorded^ 
although he has no knowledge that it has been. On that occasion he noticed 
several minutes before the time of tbe nearest completion of tbe ring, the 
fine cusps of tbe sun’s unobscured crescent prolonged by a hair breadth 
line of brightness^ totally diverse in colour and intensitT/ from the sitn's disJc. 
As tbe cusps approached, tbe line or thread of light in advance of each 
shot round the moon’s edge, between them rapidly, till, at a certain time, 
tbe threads from tbe two, met and joined in one—thus uniting tbe 
cusps 

The foregoing observations relative to tbe appearances noticed during 
annular and partial eclipses of the sun, present a satisfactory agreement 
with those made during total eclipses, in so far as they indicate the 
existence of a solar atmosphere. With respect to the luminous arc seen 
around the moon’s dark limb, it would appear in some cases to indicate 
the ruddy streak of light which is usually perceived during total eclipsos 
of tbe sun a few seconds before and after the complete obscuration ; but 
in general tbe phenomenon in all probability represents a fragment of 
the luminous ring, rendered visible in consequence of tbe atmospheric 
light diffused around it being enfeebled by the partial obscuration of tbe 
solar disk. The specks or points of light observed on so many occasions 
are manifestly analogous to those seen at Toulon and elsewhere during the 
total eclipse of July 8, 1843. The brush of light observed during tbe 
annular eclipse of 1838 is very instructive. Its direct emanation outwards 
from s. faint speck of light situate in the luminous arc, shows that it was 
not the consequence of any irregular scintillation, but rather that it w'as 
occasioned by some extraneous cause acting constantly in a determinate 
direction, and totally independent of the brightness of the source from 
which it seemed to issue. In fact, it can only he explained by supposing 
the luniinous speck to be a collection of nebulous matter, through which 
the rays of the sun had partially penetrated, so as to illuminate the par¬ 
ticles of the solar atmosphere situated beyond in the line of their 
transmission. 

According to the usual theory of the x:)hysical constitution of the sun, 
that body consists of an opaque nucleus, surrounded by an atmosj)hcro in 
which are suspended at different elevations two enveloping substances of 
dissimilar ]pliysical properties, the lower eiivelope being im}pcrfectly 
luminous, but capable in a high degree of reflecting light, while, on the 
other hand, the upper envelojoe forms a resjAendent canopy of clouds, 
which are luminous in themselves, and constitute the source of tlie light 
diffused in every direction by the sun. The observations of solar eclipses 
would seem to indicate, that above the luminiferous envelope there exists 
a stratum of nebulous matter, which is visible only by means of reflected 
light. Various interesting questions present themselves for solution in 
connexion with the admitted existence of such a stratum. In the first 
place, does this third envelope exei'cise an influence in the production of 
any of the other phenomena which have been disclosed by observations on 
tbe physical constitution of the sun? M. Arago has very ingeniously 
suggested tbat the solar spots which exhibit the aspect of a i^enmnhra 
without a nucleus, may arise from the superposition of masses of this 


Silliman’s Journal, vol. xHi., p. 396. 
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nebulous matter above the luminiferous envelope. Secondly, the q^ues- 
tion arises, does any relation subsist between this non-luminous substance, 
which floats in the upper regions of the solar atmosphere, and either of 
the other two envelopes ? Sir John Herschel, in his ingenious theory of 
the physical origin of the solar spots, supposes a perpetual circulation to 
be kept up in the solar atmosphere, analogous to that which in the case 
of the terrestrial atmosphere produces the phenomenon of the trade winds. 
Now, is'it not reasonable enough to suppose that such a circulation will have 
the effect of continually agitating the non-luminous matter constituting the 
envelope nearest the solid nucleus of the sun, and throwing up masses of 
it above the luminiferous surface ? This view of the subject, while it carries 
with it considerable probability, obviates the necessity of introducing into 
the theory of the physical constitution of the sun, the idea of a third 
envelope independent of the two others. Future observation, prosecuted 
more especially with reference to the position of the solar spots during 
the occurrence of eclipses of the sun, can alone be expected to throw any 
light upon this interesting question. 

Although the physical connexion of the solar spots with the nebulous 
matter which appears to exist above the luminous surface of the sun, is a 
point which remains to be established definitively by future enquiry, there 
is some reason to suppose from the observations of Sig. Santini on the 
occasion of the total eclipse of July 8, 184*2, that such a connexion really 
subsists. 

In his account of the eclipse, that excellent astronomer states, that a 
few days previous to its occurrence, he observed a very extensive chain of 
spots on the sun, five of which appeared near the western margin of his 
disk. He adds that, although he unfortunately omitted to determine 
their precise position, he felt assured that at the time of the eclipse, they 
could not have been very far removed from the singular columns of smoke 
which appeared during the total obscuration 

The aspect presented by the moon during eclipses of the sun, has led 
to some curious speculations. Kepler has stated in one of his works, that 
during the obscuration consequent upon a total eclipse of the sun, the 
moon’s surface is occasionally distinguishahle hy a ruddy light ■\. A similar 
appearance has been noticed in modern times during the occurrence of 
annular eclipses. Thus Mr. Baily, in his account of the annular eclipse 
of 1836, states, that “ previous to the formation of the ring, the face of the • 
moon was perfectly black; but on looking at it through the telescope, 
during the annulus, the circumference was tinged with a reddish purple 
colour, which extended over the whole disk, hut increased in density of 
colour according to the proximity to the centre, so as to bo in that part 
nearly black.” I 

* Giorn. deir 1st del Lomb., tom. iv., p. 378. It has been already mentioned thattho 
luminous protuberances seemed to Sig. Santini to resemble irregular columns of smoke, 
undulating upon broad bases. “ Come irregulari colonne de Juoco otideggiante -a larga 
base.'' 

+ Epitome Astronomia 2 , p. 895. 

$ Mem. Ast. Soc., vol. x., p. 17. Mr. Baily states that at the same time the globular 
form of the moon was very perceptible; he adds that Mr. Veitch (the gentleman at whoso 
residence he observed the eclipse) also noticed the phenomenon, and that both agreed in 
the impression that the moon had the aspect of a globe of pui'ple velvet. It is a remark¬ 
able fact, that an appearance exactly resembling that described by Mr. Baily was witnessed 
during the total eclipse of 1733; thus M. Tissel states, that at_ Skepshat in Sweden, “ the 
moon’s surface was brighter at the margin near the luminous ring ; towards the middle it 

1) D 
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Kepler ascribes the visibility of the moon’s surface during her conjunc¬ 
tion with the sun, to the light transmitted by reflexion from the earth, or 
the earth-shine, as it would be termed by the inhabitants of the moon 
This is doubtless the true explanation of the phenomenon. 

The illustrious philosopher, just cited, while alluding to the visibility of 
the moon by a faint light during conjunction, does not affirm that the 
irregularities of her surface have been discerned on any such occasion. 
The first person who makes mention of this fact is Bigerus Vassenius the 
Swedish astronomer, to whose interesting observations of the total eclipse 
of 1733, allusion has already been made. In the account of that eclipse 
which he transmitted to the Royal Society, he asserts that with a telescope 
of 21 feet focal length, he perceived several of the principal spots on the 
moon during the total obscuration f. Kerrer also states, that during the 
total eclipse of 1806, the irregularities of the moon’s surface were plainly 
discernible 

The foregoing are the only two instances in which it appears that the 
irregularities of the moon’s surface have been perceived during a central 
eclipse of the sun, whether total or annular. M. Arago, and several other 
observers, carefully sought to effect the same object during the total 
eclipse of 1842, but all their efforts proved fruitless. The fact of the 
lineaments of the lunar disk being discernible in some cases and not in 
others, is obviously attributable to no other cause than the variable con¬ 
dition of the atmosphere!. 

A singular appearance was noticed at Washington, TJ.S., during the 
progress of the partial eclipse of February 12, 1831. Mr. F. R. Hassler 
states, in an account of that eclipse, that “ the most remarkable phe¬ 
nomenon was the distinctly painted inequalities of the moon, by the 
reflected light and shade upon its disk, presenting apparently elevations 
brilliantly illuminated, and intervals shaded in an ash-coloured shade, 
more or less dark and distinct as they were nearer to or farther from the 
sun, the edge of the moon towards the sun being always fully dark.” He 
asserts moreover that the appearance, beginning when about one-eighth of 
the diameter of the sun was immersed, extended itself, with more or less 
variation, to about one-third of the moon’s diameter, when it gradually 
faded into indistinctness, and the whole of the moon’s surface appeared 
equally dark; the same phenomenon was witnessed in an inverted order 
towards the end of the eclipse |j. 

The singular phenomenon alluded to appears to be totally inexplicable 

became hlacTt; and at the centre seemed to protuherate.'''’ A.cta JLit. et Scien. Sueo., tom. 
iv., p. 59. Sig. Piola also mentions that on the occasion of the total eclipse of 1842, as 
the moon advanced upon the solar disk, she seemed to all the spectators who were present 
with him to protuherate at the centre, and to be compressed at the sides. He adds that 
a similar appearance was noticed at Belluno. {Giorn. deU’ 1st. del Lomh.,tova. iv., p. 303.) 
* Epitome Astronomise, p. 895. f Phil. Trans., 1733, p. 135. 

i Trans- Amer. Phil. Soc., vol. vL, p. 267. 

§ The following remaA by Sig. Magrini relative to the appearance presented by the 
moon during the total eclipse of 1842, has some resemblance to the description contained 
in the text, “ The light of the moon, termed ashy, seemed to be brighter towards the 
disk of the sun both before the immersion and after the emersion.” (Annuaire, 1846, p. 
375, cited from the Gazetta JPrivileggiata of Milan.) 

11 Trans. Amer. Phil. Soc., New Series, vol. iv., p, 131. The only explanation 
of this phenomenon that appears to possess any degree of plausibility is the follow- 
ing. It has been found, that during total eclipses of the sun, the irregularities of the 
mnar disk are sometimes discernible when the whole of the solar disk has been immersed. 
Let us suppose, that during the eclipse of 1831 the condition of the atmosphere was 
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by any known physical principles. That it is connected in some way with 
the magnitude and relative position of the segment of the sun which has 
not undergone immersion, would seem obviously to follow from its mode 
of variation; but it is difficult to assign any cause why the moon’s surface 
should appear more distinct on the side on which the sun is visible, than 
on the opposite side. 

A phenomenon of a somewhat similar nature, but one admitting of a 
satisfactory explanation, was noticed by ]\4. Arago during the total eclipse 
of 184S. Forty minutes after the commencement of the eclipse, while a 
considerable portion of the sun was still visible, he observed the dark con¬ 
tour of the moon projected upon the "bright sky; it corresponded exactly 
with the portion of the limb that appeared upon the sun; he remarked 
also, that it was brighter at the parts where it met the solar disk 
He ascribes the phenomenon to the projection of the moon upon the solar 
atmosphere, the brightness of which, by an effect of contrast, rendered 
the outline of the moon’s dark limb discernible. This explanation ac¬ 
counted for the fact of the limb being brighter towards the sun, since it 
appeared from all the observations of total eclipses, that the luminous 
ring exhibited the greatest concentration of light at those parts where 
it bordered upon the solar disk. 

The contour of the dark limb of the moon was also visible to M. Eugene 
Bouvard at Digne, and to M. Flaguerges at Toulon; but it is remarkable 
that no other observer of the total eclipse of 1842 makes mention of a 
similar appearance. 

Halley remarked, that during the total eclipse of 1715, he observed per¬ 
petual flashes, or coruscations of light, which seemed for a moment to dart 
out from behind the moon, now here and now there, on all sides, but 
more especially on the western side a little before the emersion b Louville 
alludes to a similar phenomenon in his account of the same eclipse; he 
states, that during the time of the total obscuration, it se6med as if there 
had been a succession of trains of gunpowder constantly exploding on the 

so favourable for observation, that, if the whole of the solar disk had undergone immer¬ 
sion, the dark and bright pai'ts of the moon’s surface would have been as plainly dis¬ 
tinguishable as Ferrer states they were on the occasion of the total eclipse of 1806. 
According to M. Arago, the light by which the bright parts are visible in such a case, 
must exceed the light of the more obscure parts, by at least a sixtieth part. Now, 
at the commencement of the eclipse, the moon’s surface is illuminated unequally by the 
lumikre cendr&et or ashy light, and equally by the atmospheric light diflused by tlie full 
sun; and the former of these lights (or rather the excess of the light emitted by the 
bright parts over the light of the more obscure parts) bears so small a proportion to tlie 
latter, that the whole of the moon’s surface is almost equally illuminated, and the various 
irregularities by which it is diversified will be completely elfaccd. As the eclipse, how¬ 
ever, increases in magnitude, the light diffused by the visible segment of the solar disk 
diminishes at an equal rate, and in consequence, the light of the lumitre cendrie con¬ 
tinually bears an increasing ratio to the atmospheric light. At length, the latter is so 
much enfeebled, that the excess of the light of the bright parts of the lunar disk over the 
light of the more obscure parts, arising from the lumiSre cendrtle, amounts to the sixtieth 
part of the atmospheric light, whereupon, according to the above remark, the irregularities 
of the lunar disk will become distinguishable. The American observer states, that the 
moon’s surface became distinctly visible as soon as one-eighth of the solar diameter was 
immersed. It is difficult to conceive that at so early a stage of the eclipse the atmospheric 
light would be so much enfeebled, that the lumiire cendree would form a sensible frac¬ 
tion of it. Admitting, however, that the phenomenon was due to such a cause, it 
follows that the lunar surface will appear more illuminated towards the sun, on account 
of the greater intensity of the atmospheric light, except at the part bordering on the solar 
segment, where it will naturally appear dark from the effect of contrast. 

* Annuaire, 184«, p. 372. f Phil. Trans., 1715, p. 249. 
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moon’s surface. He remarks that tke fulminations had a serpentine 
appearance, causing them to resemble flashes of lightning*. 

. Weidler, in an account of the partial eclipse of August 4, 1739, as 
observed by him at^Wurtemberg, makes mention of a similar phenomenon. 
He states that a friend of his, well skilled in astronomical observations, 
having viewed the moon towards the commencement of the eclipse with 
a telescope 9 feet long, noticed bright lights like flashes of lightning in¬ 
terspersed here and there upon her dark surface; and that after the lapse 
of one hour and nineteen minutes he again saw the same appearance j*. 

Attempts were made during the total eclipse of 1842 to verify the fore¬ 
going observations, but it was only at Venice that any analogous corus¬ 
cations of light were discerned. Sig. Zantedeschi, w'ho observed the 
eclipse at that city, states, that from time to time there were visible upon 
the moon’s surface faint illuminations of an intermittent character, re¬ 
sembling flashes of phosphoric light, intermingled with black streaks 
A similar appearance was noticed by M. Wullerstorf t. 

The phenomena above referred to have been explained in various ways 
by different enquirers. Touville attributed them to the prevalence of 
electric storms in the lunar atmosphere; other persons suppose them to 
have been produced by volcanic energy. M- Arago is of opinion that 
they may have arisen from the occasional passage of aerolites across the 
field of view of the telescope. In support of this view of their origin, he 
cites one or two instances in which, during the total eclipse of 1842, there 
were seen meteoric lights traversing the regions of the heavens in which 
the sun and moon were then situate. From the circumstance of the 
phenomena having been visible only on two or three occasions, it is clearly 
impossible to arrive at any trustworthy conclusions on the subject. 

At various places in France, a singular undulation of the solar light was 
remarked on the^ccasion of the total eclipse of 1842. In a letter to M. 
Arago, dated July 9, 1842, M. Fauvelle gives the following account of the 
phenomenon as witnessed by him at Perpignan:—“At the moment when 
the eclipse was about to become total, I perceived the last rays of the sun 
undulate with great intensity and rapidity upon a white wall of one of the 
military 'establishments of the rampart of St. Dominique. The effect 
might be compared with that which is observed when the light of the sun 
falls upon a wall or a ceiling after having been reflected from the surface 
of a sheet of water in a state of agitation. The same phenomenon re¬ 
appeared at the instant of the emersion of the sun ; the undulations which 
at first were very intense gradually died away, and disappeared altogether 
at the end of five or six seconds.”! 

M. Arago remarks also that during the few seconds which could be 
devoted by his colleagues and himself to the observation of such a pheno¬ 
menon, the fa 9 ade of the great tower of the citadel of Perpignan appeared 
to be illuminated by a singularly-fluctuating light. 

M. Dentheric thus describes the phenomenon as observed by him at 
Montpellier :—“ A little before the commencement of the total obscura¬ 
tion, there were seen on the ground and on walls xindulating shadows 
composed of a succession of arcs of three or four decimetres in length, 
but of much less breadth, which seemed to turn xipon themselves. The 
effect was analogous to that produced by those moveable shadows which 

* Mfem. Acad, des Sciences, 1715, p. 96. + Phil. Trans., 1739, p. 228. 

Annualre, 1846, p. 364. § Annuaire, 18i^, p. 392. 
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are seen at tlie bottom of a shallow basin filled with clear water, when the 
surface, slightly agitated, is illuminated by the rays of the sun.” 

A phenomenon similar to that mentioned in the foregoing accounts was 
also observed at Narbonne, Alais, and several other places in France. 
The following description of the appearance, as witnessed by M. Savournin 
at Seyne, is somewhat different from the other statements :— 

“ There were seen here shadows and luminous patches running after 
each other, the effect of which was similar to that produced by the passage 
of a succession of small clouds over the sun. These patches loere not all 
of the same colour. Some of them were red; others were yellow, blue, or 
white. The children amused themselves in running after them, and 
trying to put their hands upon them. This extraordinary phenomenon 
was remarked only a few instants before the complete disappearance of 
the sun.”=^' 

It is remarkable that no observers of the total eclipse of 1843, out of 
France, make any allusion to the singular appearances noticed in that 
country, before and after the total obscuration. Almost equally silent 
upon this point are the observers of former eclipses of the sun. The 
following observations of the total eclipse of 1733, appear to have refer¬ 
ence to an undulatory movement similar to that above mentioned. 

Rj’-dhenius, pastor of Forshem, states that “ when the sun was about to 
lose his light, and also when he was about to recover it, he emitted rays 
that undulated like the aurora borealis, and were of a fiery red colour\ 
Again the pastor of Flo, in his account of the same eclipse, affirms that, 

“ towards the total obscuration stars were visible, and also a singxdar fluctu¬ 
ation ill the air."X 

It might be supposed, although it is by no means probable, that the 
first cited of these two observations has reference to the appearance of the 
sun when viewed ddrectly, a little before and after the total obscuration, 
and not to the effect which might be produced upon a surface illuminated 
by the solar rays. With respect to the second observation, it is still less 
improbable that it can be any other than a phenomenon of the same 
nature as that witnessed during the total eclipse of 1843 ; since it is 
difficult to believe that any agitation in the air could be recogftised, 
except by viewing its undulations as projected upon some wall or building. 
The observation of the pastor of Forshem would also seem to have some 
analogy to that of M. Savournin, relative to the moveable shadows of 
different colours which appeared at Seyne during the total eclipse of 1843. 
As, however, the curious phenomenon witnessed in the latter instance 
does not seem to have been noticed, except at the place just cited, it 
would be desirable to obtain a more satisfactory verification of it by 
reference to some previous eclipse. The following statement made by 
Delisle, while citing some observations which appeared to him to support 
his theory of the luminous r-ing seen ax’ound the moon on the occasion of 
a total eclipse of the sun, manifestly refers to a phenomenon of a similar 
nature :— 

The second observation is one which a curious individual acquaints 
* Annuaire, 1846, p. 393. 

-f- Acta Lit. et Scien. Suec., tom. iv., p. 61. The following are the express words of 
the original;—“ Sol lucera penitus amissurus eandemque recuperaturus, radios ejaculabat 
fluctuabundos, instar aurorca borealis, et rutilos.” 

^ Acta Lit. et Scien. Suec., tom. iv., p. 61. The words of the observer arc these: — 
Sub qua (^obscuratione) stellse apparebarit et singularis quocdam in tore fluetuatio.” 
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me •with, having made, by mere accident *. Having directed Ms atten- 
tio-a to a large white wall, at the moment of the total immersion of an 
eclipse of the sun, he saw the moon’s shadow’ pass upon the •wall, tinged 
with different colours.''\ 

The three observations just cited are the only ones that have been 
found in the records of solar eclipses, confirmatory of the phe¬ 
nomenon remarked exclusively in France, during the total eclipse of 
1843. The q^uestion naturally arises, to what physical cause are the 
singular undulations noticed on such occasions to be ascribed? It is 
reasonable enough to suppose that, towards the time of total obscuration, 
the equilibrium of the atmosphere is very much disturbed by the change 
of temperature consequent upon the rapid diminution of the visible 
segment of the solar disk. Hence will arise a sudden intermingling of 
strata of air of different densities, and consequently of different refractive 
powers, which may obviously tend to produce a succession of undulatory 
movements similar to those actually perceived. It is not improbable also 
that the continuous obstruction of the solar light by innumerable foreign, 
substances floating in the atmosphere, and subject to incessant displace¬ 
ments from the agitation of the air, may contribute towards producing 
the observed effect. The extreme smallness of the solar crescent cannot 
fail to render the interposition of any such particles of matter, more 
readily perceptible than it would otherwise be. It is to be remarked also 
that the effects in all such cases will be magnified by diffraction. That 
the phenomenon is to a certain extent dependent on the operation of this 
principle, would seem to be indicated by the variety of colour which 
distinguishes the moveable shadows. Moreover, if light be propagated by 
means of undulations in a highly-elastic medium, it is not improbable 
that, as the origin of light rapidly diminishes in magnitude, causes of 
interference may arise leading to a conflict of undulatory movements, 
whence may ultimately result phenomena analogous to those alluded to 
in the foregoing observations. 

A phenomenon which seems to he of a totally different nature from any 
of those hitherto allnded to, has heen occasionally observed during solar 
eclipses, especially such as are of the annular species. In the latter case, 
previous to the formation of the annulus, the western limb of the moon 
exhibits an indented appearance, resembling a succession of heads. 
Almost immediately the beads become elongated, assuming the aspect of 
long, black, parallel streaks, uniting the limbs of the sun and moon. In 
the next instant these lines give way, as if they had been snapped 
asunder by the eastward motion of the moon, and the annulus then 
appears completely formed. A similar phenomenon ensues in a reverse 
order, when the eastern limb of the moon is approaching the sun’s limb, 

* “ Par le plus grand hasard du monde.” 

t Memoires pour servir a VJSistcire et au JProgres de t‘j4.stronomie, p. 358, 4to., St. 
Petersbourg, 1738. M. Arago states that having searched, page by page, the volunoes of 
the vaiious academic collections, he found only one ohservation corroborative of those 
made in France relative to the undulations which occurred on the occasion of the total 
eclipse of 16^3; but that he was unable to cite it in detail, in consequence of the loose 
lea^ to ^ which he had consigned the memorandum of it, having been mislaid. 
(AMTi«a5»*e,^1846, p. 399.) It is not probable that either of the two Swedish observa¬ 
tions cited in the text was that which fell under his eye; since, if he had met with the 
oth^ could hardly have escaped him. It is evident, at any rate, that the 
oteervahon by Delisle, in a work which does not form •part of any academic 

collection, cannot he the one referred to by the illustrious philosopher. 



HISTOBT OP PHTSIOAI- ASTRONOMY. 


407 


previous to tlie dissolution of tHe annulus. A.t first several dark lines 
dart forward from tlie moon’s limb, and unite themselves to that of the 
sun; then they suddenly contract so as to assume the appearance of beads, 
and immediately afterwards the annulus is dissolved. On the occasion of 
the annular eclipse of May 16, 1836, this phenomenon was especially 
observed in Scotland by Mr. Baily, who has given a lively description of 
it in a paper on the eclipse which appears in the tenth volume ot the 
Memoirs of the Astronomical Society. It may not be uninteresting, 
however, to show that an appearance more or less analogous to it has been 
witnessed on several previous occasions, both ^ total and annular eclipses- 
Halley mentions, in his account of the total eclipse of 1715, that about 
two minutes before the total immersion the sun was reduced to a very 
slender crescent of light, the extremities of which seemed to lose their 

acuteness and to become rou7id like stars . /• 

During the total eclipse of 17J34, Delisle remarked that the part of the 
moon’s limb, where the total immersion was about to take place, appeared 

to him irregular and indented -f-. _ ,. „ ., 

But, as has been already mentioned, it is during annular eclipses oi the 
sun, that the phenomenon witnessed by Mr. Baily is more especially 


^^iS^hiTaccount of the annular eclipse of 1737, Maclaurin cites a letter 
addressed by Professor Bayne to Lord Aberdour, containing the following 

statement:_“ What appeared to me most entertaining, considered as an 

object of sight, was when the extremities of the horns, formed upon the 
face of the sun, seemed as if they had been in the action^ of uniting th^r 
points; the inequalities on the extremity of the moon’s disk gave the 
appearance as it were of small bodies in particular motion +• 

In Short’s paper on the annular eclipse of 1748, which has been already 
referred to, there appears a statement from the Bev. M!i. Iivine, who 
observed the eclipse at Elgin, in which he asserts that, previous to the 
ioining of the cusps of the sun, as also at the breaking up of the annulus, he 
perceived a quick tremulous motion and several irregular bright spots betwee7i 
the cusps, which disappeared in a few moments. He adds that both the 
formation and breaking (of the annulus) were very sensibly to be observed 
and parted in a moment; affording a very pleasant sight, by the trregular 

tremulous spots of the su?z§. j - a • 

Th© following description of tbe pbcnomeiioii as witnessed, in Aniencai 

bv Mr. S. Webber, during the annular eclipse of April 3, 1791, is more 
precise than any that has been hitherto cited “ At both the internal 
contacts there was a curious and striking appearance of what may he 
called drops, on account of tbeir resemblance to drops of a fluid. At the 
first contact, when the horns of the sun were forming a ring about the 
moon, these luminous drops suddenly appeared, at several different points, 
with very little difference of time. At first they were nearly circular; 
hut they rapidly extended themselves along the limb of tbe sun, till, 
uniting, they completed the annulus. At tbe second contact several 
breaches in the annulus almost instantaneously succeeded the fii'st, at 
different distances from each other; and the oblong drops included 

between them contracted and vanished. ’H . 

A similar phenomenon was witnessed by ISTicolai at Manlieim, duiing 


'4: 

11 


Phil. Trans., 1715, p. 248. 

Phil. Trans., 1737, p. 182. 

Mem. Amer. Acad, of Arts and 


+ Mdm. Acad, dea Sciences, 1724, 
§ Ibid., 1748, p. 594. 

Sciences, vol. ii., part i., p. 20. 
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the annular eclipse of September 7, 1820. In his account of the eclipse, 
he states that about a second before the annulus was formed, the fine 
curve of the moon’s disk, then immediately in contact with the edge of 
the sun, appeared broken into several parts ; and in a moment these jparts 
flowed together like drops of water or quichsilver near each other. At the 
dissolution of the annulus, a similar appearance presented itself; for the 
delicate thread of light then formed by the annulus, instead of being 
broken into one place only, was in an instant divided into several places 
at once.”* 

The phenomenon was also observed on the occasion of the same eclipse 
at Bologna, by De Zach, who has given the following interesting descrip¬ 
tion of it:—“The most beautiful spectacle was the end of the annular 
eclipse or the instant of the formation of the annulus. The mountains 
of the moon appeared very distinct. Her limb seemed to be indented, 
and when it was upon the point of touching the sun’s limb, it appeared like a 
comb or a saw biting the edge of the solar disk. Before the contact of the 
tw'O limbs was effected, there was visible, not a continuous thread of light, 
but a number of luminous points, resembling a row of so many pearl 
beads, separated by dark intervals. This beautiful phenomenon lasted 
only an instant; for the contact of the limbs, and the total disappearance 
of the last trace of light, was instantaneous.”! 

The same appearance was also witnessed at Amsterdam by several ob¬ 
servers of the eclipse, accompanied in some instances with new features, but 
the description given by Mr. Baily, of the phenomenon as it presented itself 
to him on the occasion of the annular eclipse of May 15, 1836, embodies all 
the particulars by which it has been hitherto distinguished. He states that 
when the cusps of the sun were about 40° asunder, a row of lucid points, 
like a string of bright beads, irregular in size and distance from each 
other, suddenly formed round that part of the cii'cumference of the moon 
that was about to enter on the sun’s disk. Its formation was so rapid that 
it presented the appearance of having been caused by the ignition of a 
fine train of gunpowder. Mr. Baily was under the impression that this 
phenomenon indicated the correct formation of the annulus, and he was 
accordingly about to note the time of its occurrence. “ My surprise, 
however, was great,” says he, “ on finding that these luminous points, as 
w’sH as the dark intervening spaces, increased in magnitude, some of the 
contiguous ones appearing to run into each other, like drops of water; for 
the rapidity of the change was so great, and the singularity of the appear¬ 
ance so fascinating and attractive, that the mind was for the moment 
distracted and lost in the contemplation of the scene, so as to be unable to 
attend to every minute occurrence. Finally, as the moon pursued her 
course, these dark intervening spaces (which at their origin had the 
appearance of lunar mountains in high relief, and which still continued 
attached to the sun’s border) were stretched out into long, black, thick, 
parallel lines, joining the limbs of the sun and moon; when all at once 
they suddenly gave way, and left the circumference of the sun and moon 
in those points, as in the rest, comparatively smooth and circular; and the 
moon perceptibly advanced on the face of the sun.” Tn fact the phe¬ 
nomenon could not be more accurately imagined than by supposing, for 


* Mem. Ast. Soc., vol. L, p. 142. 

b Correspondance Astronomique, vol. iv., p. 171; Smyth’s “ Cycle of Celestia 
Objects,” vol. i., AppcTicSr. » r J' .r 
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the moment, that the edge of the moon Yras formed of some dark, 
glutinous substance, which by its tenacity adhered to certain points of 
the sun’s limb, and by the motion of the moon was thus drawn out into 
long threads, which suddenly broke and wholly disappeared-1=. 

Mr. Baily remarks that the scene so riveted his attention, that he could 
not take his eye away from the telescope to note down anything during 
the progress of the phenomenon. He estimated, however, tliat the whole 
took up six or eight seconds or ten at the utmost. The same phenomenon 
occurred in a reverse order at the dissolution of the annulus. While the 
limb of the moon was yet at some distance from the edge of the sun, a 
number of long, black, t^ick, parallel lines suddenly darted forward from 
the moon, and joined the two limbs as before. As these dark lines got 
shorter, the intervening bright parts assumed a more circular and irregular 
shape, and at length terminated in a fine curve line of bright beads, as at 
the commencement, till they ultimately vanished, and the annulus ceased 
to exist. 

Mr, Baily also states that, although the parallel dark lines ought not to 
have exhibited any perceptible difference of length, the outer lines imme¬ 
diately before their rupture seemed to be nearly double the length of 
those in the middle. This circumstance manifestly indicated a pro¬ 
tuberance on the moon’s limb at the point where it had just entered upon 
the sun’s disk. A similar phenomenon had been noticed on the occasions 
of the transit of Venus across the sun’s disk in the last century. 

The phenomenon of which Mr. Baily gave so vivid a description 
excited great interest among astronomers, and future opportunities of 
verifying it were anxiously looked forward to. The anniilar eclipse of 
Feb. 18, 1838, which Teas visible in the United States of North America, 
was peculiarly favourable for this purpose. On this occasion, however, 
the phenomenon was only partially observed. In several instances, the 
beads witnessed during previous annular eclipses at the instants of the 
formation and rupture of the annulus, were plainly visible, but no trace of 
the long black threads alluded to by Mr. Baily could be discerned by any 
observer. Moreover, it was found that even the heads were not per¬ 
ceptible in every case, their visibility seeming to be dependent on the 
colour of the screen glass employed in observing the sun. With a red 
glass the phenomenon w^as generally perceived; hut, when a green glass 
was used, only a faint trace of it could be obtained, and in many cases it 
was altogether invisible. Thus Ptof. Henry, who observed the eclipse 
at Princeton College, New Jersey, with a 3^ feet achromatic telescope, 
and a red screen glass, states that “ an appearance similar to a row of 
beads was regarded as the formation of the ring.” He adds that the 
drops endured only for a second or two t- On the other hand, Mr. R. T. 
Paine, who observed the eclipse at Washington with a telescope having a 
green glass applied to it, was unable to discern the slightest vestige of the 
phenomenon. “ The ring,” he remarks, “ formed instantaneously, and 
broke nearly so. No beads were seen, nor the dark lines mentioned by 
Mr. Baily, nor the light round the moon, although all were looked for. 
No distortion of the moon’s limb could be seen, and the cusps of the sun, 
before the ring formed, were as sharp as needles.” J 

It was expected that the observations of the total eclipse of July 8, 

* Mem. Ast. Soc., vol. x., p. 7. 

t Silliman’s Journ., vol. xxxviii., p. 167. j- Ibid., vol. xxxviii., p. 164. 
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1849, 'would serve to throw some light upon this interesting phenomenon. 
On this occasion, however, astronomers were disappointed. In some 
instances a faint resemblance to beads of light was seen previous to the 
total immersion, but, generally speaking, the phenomenon was totally 
invisible. Even Mr. Baily, whose principal motive for proceeding to Italy 
was to verify, by means of this eclipse, his previous observations, was 
unable to discern any trace of the phenomenon. 

The observations of the annular eclipse of October 9, 1847, afforded a 
partial verification of the phenomenon witnessed by Mr. Baily in 1836. 
Captain Jacob, who observed the eclipse at Bombay, states, that when the 
annulus was about being formed, the moon’s limb seemed to be united with 
that of the sun by a dark ligament about V in breadth, which became more 
elongated as the moon advanced upon the sun. The moon’s limb was 
perfectly well defined, except at the part where the ligament was perceived. 
This phenomenon lasted about three or four seconds, when the ligament 
at length suddenly gave way, and the annulus was seen complete. The 
phenomenon exhibited at the dissolution of the annulus was somewhat 
different. When the moon’s limb approached very close to that of the 
sun, a portion of it, about 30° in extent, suddenly flowed over in dark lines, 
leaving bright spaces between. This appearance lasted only about two 
seconds 

The same eclipse was observed at several stations in Europe, but no de¬ 
cisive indication of the beads or dark lines which exhibited so striking an ap¬ 
pearance during the annular eclipse of 1836, was obtained in any instance. 

The question relative to the physical cause of the phenomena above 
mentioned has naturally excited considerable speculation, but it cannot 
be said that any definitive conclusion has yet been arrived at upon this 
head. That they are mainly illusions of an optical nature is generally 
admitted by all enquirers, but the modvLS o^erandi seems to be involved 
in much obscurity. The most probable hypothesis of their origin is that 
which refers them to the influence of irradiation. The enlargement of 
the apparent magnitudes of the celestial bodies, arising from this cause, 
has been already alluded to. The observations of solar eclipses tend es¬ 
pecially to corroborate the truth of this remark. It has been already 
mentioned that Kepler adduced the appearance presented during the solar 
eclipse of 1590, as affording an obvious proof of the influence of irradiation. 
The extraordinary agility with which, according to Wyberd, the moon 
threw herself upon the solar disk on 'the occasion of the total eclipse of 
* March 99, 1659, can only be accounted for by supposing that the sun was 
fringed with a border of spurious light which disappeared all at once as 
soon as the last portion of his limb was immersed. In his account of the 
annular eclipse of Feb. 18,1737, Maclaurin states that the breadth of the 
annulus appeared much greater to the naked eye than could have been 
expected from the difference of the semi-diameters of the sun and moon. 
“ "rhis appearance,” he remarks, “ proceeded chiefly, I suppose, from the 
light encroaching on the shade, as is usual; but whatever was the cause, 
everybody seemed surprised that the moon appeared so small upon the 
disk of the sun.”-i 

The enlargement produced by irradiation is also indicated by a remark 
of Mr. Fullarton, who, in a description of the same eclipse as it appeared 
at Orosby, near Ayr, states that the annulus was of a uniform breadth, 

* Montihly Proc. Ast. Soc., vol, viii., p. 27. 


t Phil. Trans. 1737, p. 183. 
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during tTie greater part of tlie time of its continuanoe, but seemed to go off 
very suddenly; so that when tbe disk of the moon approached the concave 
line of the sun’s disk, they seemed to run together like two contiguous 
drops of water on a table, when they touch one another.”* A similar 
remark was made by the Rev. Mr. Irvine, of Elgin, relative to the annular 
eclipse of 1748. In his account of the eclipse, as cited by Short, he states 
that the moon’s body seemed to pass quicker about the time of the annulus^ 
than at any other time during the eclipse f. 

The observations of solar eclipses in more recent times have, in general, 
afforded similar indications of an enlargement of the apparent magnitude 
of the sun from the irradiation of his light. 

The dark ligament observed by Capt. Jacob during the annular eclipse of 
October 9, 1847, is obviously an effect of irradiation, for when the moon is 
wholly within the solar disk, except at the point of interior contact where 
it still projects in a very small degree over the sun’s limb, the enlarge¬ 
ment produced by irradiation will be wholly wanting at this point, whereas, 
on the other hand, the rest of the limb being uncovered by the moon will 
exhibit its usual appearance. The sudden deficiency of light arising from 
this cause will manifestly produce an appearance resembling a dark liga¬ 
ment or neck, uniting the limbs of the sun and moon at the point where 
the contact of the two bodies is about to take place %. 

Prof. Powell’s explanation of the beads and threads witnessed at the 
formation and dissolution of the annulus, is perhaps less liable to objection 
than any other that has hitherto been proposed. It is based upon two 
principles, the real existence of which has been established beyond doubt 
by observation and experiment. These are, the rapid degradation of the 
sun’s light towards the margin of his disk, and the law of irradiation in 
virtue of which the intensity of its influence increases with the brightness 
of the luminous object. Admitting these two principles, it is easy to see 
that a series of fissures in the moon’s limb will give rise to so many patches 
of light, which cannot fail to acquire a more elongated appearance as the 
moon advances upon the solar disk. 

It is to the inferior brightness of the sun towards the margin of his 
disk, and the consequent diminution of the effect produced by his irradi¬ 
ation, that Pi'of. Powell ascribes the protuberance on the moon's limb 
towards the point of her interior contact with the sun, observed by Mr. 
Baily during the annular eclipse of 1836, when the ring was just formed, 
and when it was about to be dissolved. In this case it is clear that the 
solar light, being less intense towards the point of contact than at the 
other parts where it borders upon the moon’s limb, will encroach less by 
irradiation upon the dark body of the moon than elsewhere; and that hence 
will arise an apparent protuberance of the contour of the lunar disk, which 
which will be most sensible at the point where the limbs of the sun and 
moon are nearest to each other §. 

The foregoing modes of explaining the phenomena observed during annu¬ 
lar eclipses are not wanting in plausibility, but they cannot be said to afford 
a satisfactory account of all the observations. A difficulty which attends 
these, as well as all other explanations of the same nature, consists in the 
fact of the phenomena being visible in some cases and not in others, al¬ 
though sought for with the utmost care.. In some instances the absence of 

Phil. Trans., 1737, p. 183. f Phil. Trans., 1748, p. 594. 

J Lalande was the first who gave this explanation of the dark ligament. 

§ Monthly Proc. Ast. Soc., vol. viii., p. 28. 
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tlie pTienomena may be explained in accordance with the above-mentioned 
principles. Thus, in the case wherein they have not been seen, when 
the image of the sun has been received upon a screen, it may justly be 
supposed that this circumstance arose from the feeble irradiation of the 
solar image, whose brightness is so much inferior to that of the actual sur¬ 
face of the sun. In the great majority of cases, however, no explanation 
can be assigned, which is capable of reconciling the conflicting state¬ 
ments of different observers. 

Eclipses of the mooji, although neither so impressive in their nature, 
nor so important in their results as those of the sun, attracted the at¬ 
tention of astronomers at a very early age, as in the absence of more 
refined methods of observation, they served to fix the moon’s place in 
the heavens with considerable precision. Hipparchus did not fail 
to perceive that observations of lunar eclipses would furnish a solution of 
the great problem of the longitude. It was accordingly by means of such 
phenomena, that the difference between the meridians of places on the 
earth’s surface was ascertained during a long succession of ages. The 
results so obtained were, however, very inaccurate, on account of the diffi- 
culty which is experienced in determining, by observation, the exact time 
of the occurrence of a lunar eclipse. The method was therefore speedily 
abandoned in modern times, upon the invention of others of a more trust¬ 
worthy nature. Ptolemy, in his great work the Syntaxis, has determined 
the elements of the lunar orbit by means of observation of eclipses of the 
moon, made by the Chaldeans, at Babylon, about 700 years before the 
commencement of the Christian era. It has been already mentioned 
that, by a comparison of the same eclipses with others observed in more 
recent times, Halley was led to suspect the famous inequality of the 
secular acceleration of the moon’s mean motion. 

Observations of lunar eclipses are chiefly interesting in modern times 
on account of the physical peculiarities which they occasionally exhibit. 
The ruddy hue, by means of which the, moon is rendered visible, even 
when she is totally immersed in the earth’s shadow, was a phenomenon, 
the cause of which was long involved in great obscurity. By some persons 
it was supposed to arise from a light naturally inherent in the moon’s 
surface, but it seemed impossible to reconcile this explanation with the 
appearance of the moon in other parts of her orbit. The illustrious Kepler 
was the fii'st who shewed that the phenomenon was occasioned by the 
refraction of the earth’s atmosphere, which had the effect of turning the 
course of the solar rays passing through it so as to fall upon the moon 
even when the earth was actually interposed between her and the sun 

The deep red colour of the moon’s surface arises from the absorption 
of the blue rays of light in passing through the terrestrial atmosphere, in 
the same manner as the western sky is seen frequently to assume a ruddy 
hue when illuminated in the evening by the solar rays. On account of the 
variable condition of the terrestrial atmosphere, the quantity of light which 
is actually transmitted through it to the moon is liable to fluctuate con¬ 
siderably, and hence arises a corresponding variation in the appearance 
presented by the moon’s surface during her immersion in the earth’s 
shadow. If the region of the atmosphere through which the solar rays 
pass, be everywhere deeply loaded with vapours, the red rays will be almost 
totally absorbed as well as the blue, and the illumination of the moon will 


Ad Vitellionem Paralipomena, p. 276. 
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be too feeble to render her surface visible. The records of lunar eclipses 
present several examples of this land. Thus Kepler states that during the 
lunar eclipse which happened on the 15th of June, 1620, the moon totally 
disappeared, although the fixed stars of the fourth and fifth magnitudes in 
her immediate vicinity were plainly distinguishable *. Hevelius also men¬ 
tions that during the lunar eclipse of April 25, 1642, the place of the moon 
could not be ascertained even with the aid of the telescope, although the 
air was sufl&ciently pure to discern the stars of the fifth magnitude f. 

The account given by Wargentin, of the lunar eclipse of May 18, 1761, as 
observed by him at Stockholm, furnishes an interesting illustration of the 
same remark. The total immersion of the moon took place at 10*^ 41 “*p.m. 
The part of the margin of the lunar disk which had last entered the shadow 
was pretty conspicuous by means of a bright light for five or six 3minutes 
after the immersion, and to the naked eye exhibited a lustre eq^ual to 
that of a star of the second magnitude; but at 10^ 52“, this part, as 
well as the whole of the rest of the moon’s body, disappeared so com¬ 
pletely, that not the slightest trace of any portion of the lunar disk could 
he discerned either with the naked eye or with the telescope, although the 
sky was very clear and the stars in the vicinity of the moon were distinctly 
visible in the telescope. After a long search for the missing body of the 
moon, the Swedish astronomer at length discovered it at 11^^ with a 
two-feet telescope, by means of a faint light which was visible about the 
eastern border of the disk. At 11*^ 33“^, persons of acute vision were able 
to discern a trace of it with the naked eye, like an exclusively thin vapour; 
but more than half of the disk was still invisible. The boundary between 
the visible and invisible portions was very irregular; the light was also more 
intense at the margin of the moon than it was towards the centre. During 
the progress of the emersion, which commenced at 12^ 15^*^, the part of 
the moon which was still involved in the earth’s shadow was by no means 
palpable to observation, as is usually the case on similar occasions t- 

If the region of the atmosphere, through which the solar rays pass, be 
everywhere very transparent, the red rays will be transmitted to the moon 
in great abundance, and her surface will, in consequence, appear strongly 
illuminated. Thus, during the lunar eclipse of December 22, 1703, the 
moon, when totally immersed in the earth’s shadow, was visible at Avignon 
by a ruddy light of such brilliancy, that one might have imagined her body 
to be transparent, and to be enlightened by the sun from behind §. A 
similar appearance was remarked on the occasion of the total eclipse of 
the moon, which happened on the 19th of March, 1848. ; Mr. Korster, of 
Bruges, states, in an account of the eclipse, that during the totality of the 
immersion, the light and dark places on the face of the moon could he almost 
as well made out as in an ordinary dull moonlight night. So intense was 
the illumination of the moon’s surface, that many persons could not be 
persuaded that she really was eclipsed]!. Mr. Walkey, who observed the 
eclipse at Glyst St. Lawrence, near Collumpton, states that the appearance 
was as usual until 20 minutes to nine, when the whole of the moon’s sur¬ 
face became very quickly and very beautifully illuminated, so as to 
resemble the glowing heat of fire from the fuimace, rather tinged with a 
deep red. This appearance lasted about an hourlT. 

Sometimes it happens that the region of the terrestrial atmosphere 

* Ep. Ast., p. 825. + Selenographia, p. 117. Ij! Ph. Tr., 1761, pt. i., p. 208, et seq. 

§ M4m Acad, des Sciences, 1704, p. 59. (Hist.) 

11 Monthly Proe. Ast, Soc., vol. viii., p- 132. 

4 Ibid., vol. viii., p. 132. “ More than threescore years have passed with myself” 
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througli wHot. tlie solar rays pass, is so loaded with vapour in some parts 
as in a great degree to absorb the rays, while in other parts it allows them 
to be transmitted with facility to the moon’s surface. Hence during the 
totality of a lunar eclipse, the moon’s surface will appear quite obscure in 
some parts, and in other parts will exhibit a high degree of illumination. 
Thus Kepler states that during the total eclipse of the moon, which hap¬ 
pened on the l6th of August, 1598, while one-half of her disk was seen 
only with great difficulty, the other half was discernible by a deep red 
light of such brilliancy, that at first he was doubtful whether it was im¬ 
mersed in the shadow at all*. If dense clouds be interspersed throughout 
the whole of the atmospheric zone through which the rays pass, there will 
manifestly ensue an irregular distribution of light and darkness over the 
whole of the moon’s surface. Such was the appearance, which, according to 
Sir John Herschel, the moon presented during the total eclipse of October 
13, 1837-}-. 

The phenomena presented by the transits of the inferior planets over 
the sun’s disk are among the most interesting that arise from the relative 
movements of the various bodies composing the solar system. The im¬ 
portance of the transits of Yenus, in determining the solar parallax, has 
been already referred to. The physical features of such phenomena tend 
also to attract the attention of the enquirer. The transits of Mercury are 
of less utility than those of Yenus in ascertaining the absolute dimensions 
of the solar system; but, as in the case of that planet, the phenomena 
accompanying such occurrences are calculated to throw some light on the 
physics of the celestial regions. 

Tiong before the invention of the telescope it was asserted that Mercury 
had been seen upon the sun’s disk. Even as early as the ninth century, 
it was stated by the author of the “ Life of Charlemagne ” that the planet 
had been visible upon the sun for eight days. As it was impossible, from 
the rapidity of his orbitual motion, that Mercury could have remained so 
long visible upon the sun, Kepler suggested that the expression octo dies, 
or eight days, might have been erroneously substituted for the barbaric 
Latin octoties, or eight times. It is now well known, however, that the 
angular magnitude of the planet is by far too small to allow its being seen 
with the naked eye on such an occasion, so that in all probability the 
phenomenon referred to was no other than a solar spot of more than ordi¬ 
nary magnitude. Coming down to a more recent age, Averroes, a famous 
physician of Cordova, in Spain, who wrote a commentary on the Alma¬ 
gest, positively asserted that he had seen Mercury on the sun at a time 
when, from the motion of the planet, it ought to have been passing 
through its inferior conjunction %. This statement, however, must be 
rejected as unworthy of belief, for the same reason as that alluded to in 
the case just cited. Kepler himself was induced to believe on one occasion 
that he had seen the planet on the sun, but the invention of the telescojoe 
a few years afterwards having speedily led to the discovery of spots on the 
sun’s disk, he retracted his opinion, and candidly acknowledged that the 
phenomenon seen by him was, in all probability, no other than one of such 
maculee. 

says Mr. Walkey, “ and during that period I have several times beheld an eclipse of 
the moon, but never before did my eyes behold the moon positively give good light from 
her dfek during a tc^al eclipse.” 

* ^d VitelUonem Paralipomena, p. 276. f Outlines of Astronomy, p. 256. 

^ Copem., ReixtL, lib. x. The real name of this individual, who was of Moorish 
ongm, was JEbn Hoschd, 
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In his “ Supplement to Yitellionem,” Kepler remarked that from the 
position of Mercury’s nodes, it was possible that he might frequently pass 
over the sun’s disk* * * § . With respect to Venus, he asserted that although 
she might sometimes be interposed directly between the earth and sun, 
the instances of such an occurrence were very rare. He announced, in 
fact, that a transit of this planet would not take place during the whole of 
the seventeenth century f. 

The completion of the Rudolphine Tables in the year 1627, having 
enabled their illustrious author to calculate the motions of the inferior 
planets upon a more accurate basis than any hitherto employed by him, 
he now arrived at results of considerable precision relating to the times of 
their transits over the sun’s disk. In 1629 he published a small tract, in 
which he ventured to predict that both Mercury and Venus would pass 
over the sun’s disk in the year 1631, the former on the 7th of November, 
and the latter on the 6th of December He announced at the same time 
that there would not happen another transit of Venus before the year 1761. 
This, however, was a mistake, as we shall presently have occasion to show 
more particularly. 

The transit of Mercury, which Kepler had predicted, was actually wit¬ 
nessed by Gassendi, at Paris. He has given an interesting account of 
his observations in a letter to Shickhard, Professor of Mathematics in the 
University of Tubingen. “The crafty god,” says he, “had sought to 
deceive astronomers by passing over the sun a little earlier than was 
expected, and had drawn a veil of dark, clouds over the earth in order to 
make his escape more effectual. But Apollo, acquainted with his knavish 
tricks from his infancy, would not allow him to pass altogether unnoticed. 
To be brief, I have been more fortunate than those hunters after Mercury 
who have sought the cunning god in the sun. I found him out, and saw 
him, where no one else had hitherto seen him.”§ 

Gassendi made preparations to observe the transit of the planet, by 
admitting the solar light into a dark chamber through a small ax^erture in 
the window, and receiving the image of the sun upon a wliite screen, 
having a circle described upon it adapted exactly to the magnitude of the 
image. The diameter of the circle was three-fourths of a French foot in 
length, and was divided into sixty parts, so that by supposing the apparent 
diameter of the sun to he 30', each of the subdivisions would represent an 
apparent magnitude of 30". The circumferenoe of the cirole was also 
divided into 360 degrees. In order to obtain an accurate knowledge of 
the time, he placed a person in the room above him, with a quadrant of 
two feet radius, charging him to observe the altitude of the sun whenever 
he should hear him stamp with his foot. In order that the transit of the 
planet might not escape him, he resolved to commence his observations a 
day or two earlier than that which Kepler had fixed for its occurrence. 
The 5 th of November proved unsuitable for this purpose, being all day 
rainy. The 6th turned out to be equally unfavourable, the sky being 
overcast during almost the whole day. The 7th, which was the day ap¬ 
pointed for the transit of the planet, was very changeable in the morning, 

* Ad VitelHonem Paralipomena, p. 306. •f' Ibid, p. 305. 

J The following is the title of this small tract —** Admonitio ad Astronomos remmque 

celestium studiosos, de miris rarisque atini 1631 phsenomenis. Veneris puta et Mercurii 
in solem incursu.” JLips., 1629. 

§ Opera Omnia, tom. ii., p. 537. 
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but Yvas for most part cloudy. A little l)efore eiglit o’clock tbe sun was visible 
tlxrougb. the openings of the denser clouds, but a thin veil of nehulniTS 
matter still rendered it impossible to distinguish any minute ohiect either 
uj^on the actual disk of the sun or upon his image in the dark chamber- 
AOTVards nine o’clock, the sun being distinctly visible, he perceived a hlaci^ 
spot upon the image. It -was a little to the east of the vertical diameter! 
and about a fourth of its length from the lower extremity. He roughl^ 
marked its position, not having the remotest suspicion that it was Mercury- 
on account of its extreme smallness, for its diameter scarcely seemed to 
exceed the half of one of the minute parts into which he had divided tlie 
diameter of the white circle. He was rather inclined to believe that it 
was a solar spot, which, although not visible on the preceding day, miglat 
have been formed during the intermediate interval, as had happened on 
several previous occasions, in the coarse of his experience. The sun havirtg 
again appeared through the clouds at nine o’clock, be measured the distance 
of tho sj)ot from the centre of the image, intending to compare its position 
with that of the planet, if the latter should eventually enter upon the snTi, 
for it occurred to him that an observer at some other, station might he 
induced to do so likewise, and that suitable data would thereby he obtained 
for determining the parallax of the planet. A little afterwards, when the 
smi again became visible, he measured anew the distance of the spot from 
the centre of the image, and was suj^rised to find that it had considercthly 
increased daring the intermediate interval. From its rapid motion, he 
felt assured that it could not be one of those ordinary spots that appear* 
from time to time on the surface of the sun, and he now began to enter- 
• tain some suspicion of its real nature, but still he could not persuade h-im- 
self that it was Mercury, so much was his mind pre-occupied with the idea 
that the planet would exhibit a larger apparent magnitude. While lie 
was pondering whether he had not made a mistake in his first measu-re- 
xnent, tbe sun shone forth, whereupon, having again ascertained the posi¬ 
tion of the spot, he found its distance from the centre to be even greater 
than on the previous occasion. He now concluded without hesitation, tfctat 
it was in reality the planet which the black spot represented. He there¬ 
fore immediately gave the preconcerted signal to his assistant in the 
chamber above him, but unfortunately he had abandoned bis post, and 
for some time could not be found. He returned, however, before the planet 
had gone off the sun, and made the necessary observations. 

Gassendi states that the planet, as seen depicted on the solar image, 
was somewhat diluted, and of a ruddy colour around the margin. Its 
diameter seemed to he equal to about two-thirds of tbe interval between 
two consecutive points of the diameter of the image. The apparent 
diameter of the planet was therefore only 20^''. This was far below the 
angular magnitude which astronomers usually assigned to it. 

The planet had nearly gone off the sun when Gassendi fii’st saw it. 
From its observed motion during the short interval of its visibility, he 
calculated that it had entered upon the sun’s disk at 5^ SS'™ a.m., and 
that its final egress took place at 10^ 38™ a.m. The transit had therefore 
lasted five hours precisely. By reducing the calculations of Kepler to the 
meridian of Paris, he found that the observed time of the transit was in 
advance of the computed time by 4*^ 49™ 80®. 

The transit of Mercury observed by Gassendi, took place when, the 
planet was passing through the ascending node of its orbit. The second 
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transit of the same planet that was actually observed, happened on N’ovem- 
ber 3, 1651, On this occasion-also the planet was passing through its 
ascending node*. The phenomenon was observed at Surat in. India, hy 
Shakerley, a young Englishman, who, having found by calculation that it 
would be visible only in Asia, proceeded to India for the express purpose 
of witnessing its occurrence f. 

The ^ird transit of Mercury recorded by astronomers, happened on 
the 3rd of May, 1661. Hevelius, who observed it at Dantzic, was asto¬ 
nished to jBnd that the apparent diameter of the planet was so small. 
We have seen that Gassendi estimated it to be equal to QO"; Hevelius 
made its greatest value to amount only to 12'', and the mean value to 
6" These results agree very nearly with the modem determinations 

of the apparent magnitude of the planet. The same transit was ohserved 
at London hy Huyghens, Street, and Mercator §. 

The fourth transit of Mercury that is recorded to have heen observed, 
was that of November 7, 1677. It was witnessed by Halley at St. 
Helena, where he was then residing, as well as by several persons in 
Europe. Halley was the first who observed both the ingress and egress 
of the planet. 

The transits of Mercury that have been subsequently observed, are 
chiefly interesting on account of the indications they afford of the accuracy 
of the existing tables of the planet. W^ith respect to the physical pheno¬ 
mena accompanying such occurrences, they are not of such importance as 
might be expected. It is only on a few rare occasions, indeed, that any 
peculiarity worthy of notice has been seen. In each of such instances, 
the phenomenon is manifestly referrible to some optical illusion. A brief 
description of the appearances observed during two or three transits of the 
planet will*serve to confirm the truth of this remark. 

In an account of the transit of Mercury which happened on the 6th of 
May, 1753, M. De Barros, a Portuguese, who witnessed the phenomenon 
at Paris, states that when the planet was about to leave the sun’s disk, he 
perceived the interior contact through a gi'een glass placed before the 
smoked glass of his telescope(wbicli was an excellent Gregorian reflector, four 
feet long), and that immediately afterwards, viewing the planet through the 
smoked glass alone, he found that a small thread of light was still visible 
between the limbs of the two bodies. A second interior contact of the 
planet was therefore observed at the commencement of the egress, which- 
did not take place till four seconds after the first contact. A similar ap¬ 
pearance presented itself at the completion of the egress. The exterior 
contact was first ohserved by means of the two glasses; but upon removing 
the green glass, the planet was again brought upon the sun’s disk, and did 
not go off until six or seven seconds afterwards jj. 

The phenomena above referred to are, in all probability, connected with 
the irradiation of light. It has heen already mentioned that the colour of 

* The transits of Mercury happen necessarily, from the heliocentric position of its 
nodes always in May or November. When the transit takes place in May, the planet is 
passincr through the descending node of its orbit. The occurrence of the transit in 
November indicates the passage of the planet through the ascending node. 

•f Wing, Astronomia Britanmica, p. 312. 

« Mercurius in Sole Visas.” Gedan, 1662, p. 92. 

« Wing, Astronomia Britannica, p. 312. This transit happened on the day of the 
coronation of Charles II. The observations of Huyghens and his companions are said by 
to listvc bcGTi mad© cit Long" A.crG; with a telescope of excellent workxna.nship* 

II ‘"Phil. Trans., 1753, p. 362. 
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the glass eria|)lbyed in viewing a Inminons object, exercises a material in¬ 
fluence on the enlargement arising from this cause. The observation of 
De Barros was called in question by several of his contemporaries, bnt: 
%hen the extraordinary phenomena of a similar, «ature witnessed in naoro 
recent times are taken into consideration, there seems no reason to donbti 
the authenticity of his statement. 

Plantade remarked that, during the transit of 1736, the disk of Mer¬ 
cury, when projected upon the sun, appeared to be surrounded by a lumi¬ 
nous ring. A similar phenomenon has been witnessed during several 
subsequent transits. MM. Schroeter and Harding, who observed it ozx 
the occasion of the transit of 1799, describe it as a nebulous ring of ja 
dark tinge approaching to violet colour A ring agreeing with tlxis 
description was noticed by Dr. Moll, of Utrecht, during the transit of 
1833f. On the other hand, many persons who observed the transits abovo 
mentioned, didnot perceive any indications of a ring around the planet, nor 
have the observations of more recent transits of the planet served to con¬ 
firm the existence of such a phenomenon. It is therefore very probably 
a spurious appearance depending upon some optical cause. 

A curious phenomenon noticed by Schroeter and Harding on the occasion 
of the transit of Mercury which occurred May 7, 1799, consisted in t.lio 
appearance of two small spots of a greyish colour on the disk of tlxo 
planet];. A similar phenomenon was witnessed by Dr. Moll during t-bo 
transit of 1839, except that in this instance only one spot was visible §. 
During the transit of 1848, a spot was also seen on the planet’s disk by 
the Rev. J. B. Reade and Mr. Dell. It is described as a greyish spot, 
shading off indefinitely on all sides from the centre y. It appears, also, 
from a statement made by Captain Sir Edward Belcher, E.H., to Prof. 
Powell, that it was seen in Sir James South’s great refractirfg telescope, 
the aperture of which (11.95 inches) had been reduced hy a diaphra-ff^iz 
outside to 3 inchest. 

Prof. Powell has proposed an ingenious explanation of the ahove-mexx- 
tioned phenomenon, founded upon the principle of the diffra,ction of ligbt 
It is a consequence naturally flowing from the theory of the diffractioix of 
the object glass of a telescope, as explained by Mr. Airy, that a small 
opaque disk, projected upon a luminous surface, should not only undergo 
a diminution of apparent magnitude, hut should also exhibit one or moro 
bright concentric rings in the interior, and if the disk he very small, it ia 
not difficult to conceive that the rings might condense into a bright spot 
in the centre. Prof. Powell verified this result experimentally, by viewing 
a small opaque disk, on a ground glass, strongly illuminated behind, witlx 
a telescope having its aperture reduced to one-fourth of an iiach. Witliiii 
the disk he distinctly perceived a ring concentric with it, which contracted, 
into a spot in the centre when the disk was very small. 

Nothing can he more satisfactory than the agreement between tlxo 
result of the ahove-mentioned experiment and the phenomenon observed 
during the transit of 1848. So far the explanation of Prof. Powell ap¬ 
pears to be unexceptionable. Unfortunately, the same degree of coix- 
aistency does not present itself when the question relates to the phenome¬ 
non of a similar nature witnessed on previous occasions of the transit of 
Mercury. Thus, although Dr. Moll saw a small spot on the disk of tlxo 

"■* Mem, Ast. Soc., vol. vi. p., 116. t Ibid. $ Ibid. 

§ Ibid. 11 Monthly Proc. Ast. She., vol. ix., p, 23. 

^ Mem. Ast. Soc., vol. xviii., p. 88. Ibid., p. 87. 
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planet during tlie transit of 1883, it is quite clear from the dra-wing he has 
given of its position, as -well as from the terms in -which he alludes to it, 
that it -was not situate in the centre of the disk. The explanation of Prof. 
Powell, however, requires that the spot should be exactly in tlie centre. 
Again, we have seen that, on the occasion of the transit of 1799, two spots 
were seen on the disk of the planet, hut, according to the diflEraction theory, 
there should be only one visible. It is manifest that the observations of 
future transits of the planet can alone throw additional light upon the 
subject. 

On the occasion of the transit of Mercury in November, 1848, the limb 
of the planet was seen by one of the observers at Greenwich to be con¬ 
nected for some time with the sun’s limb by black lines, similar to those 
noticed by Mr. Baily during the annular eclipse of 1836. It is worthy 
of remark, however, that although seven other individuals observed the 
transit with separate telescopes, no such phenomenon was seen by either 
of them*. These dark lines seem much more difficult to explain than 
either the dark ligament or the protuberance obsei*vable when the moon 
or planet appears upon the solar disk wholly detached from the sun’s 
limbb 

The transits of Venus across the sun’s disk are phenomena of much 
rarer occurrence than those of Mercury. It has been already mentioned, 
that in 1639, Kepler predicted the occurrence of a transit of this planet 
on Dec. 6, 1631. According to his calculation, it appeared that the planet 
would not enter upon the sun’s disk till towai-ds sunset; it was not im¬ 
probable, therefore, that the phenomenon would be altogether invisible in 
Europe. Gassendi, however, was not without hopes that in the present 
instance, as had previously happened with respect to Mercury, there might 
be a considerable error in the calculated result, and that in reality the 
planet would begin to be visible on the sun’s disk several hours earlier 
than the time assigned by the tables. lie acicordingly made arrangements 
to observe the transit similar to those which ho liad employed so snrccss- 
fully in the previous montli oti tlie occasion of the ti'ansit of Mercury. 
Tie has given an account of his fruitless observations on this occasion in 
a second letter to Bchickliard. lie intended to watch tlie appearance of the 
sun on the 4th and 5th of the month, hut a.n impetuous storm of wind 
and rain rendered the face of the heavens invisible, on both of tlioso da.ys. 
On the 6th he continued to obtain occasional glimpses of the sun, tili a 
little past three o’clock in the afternoon, but no indication of tlie planet 
could be discerned upon his disk as depicted upon the wliite circle. On 
the 7th, he saw the sun during tlio whole forenoon, but ho looked in 
vain for any trace of the planet. It is now well know'U tlia.t t.he transit 
of the planet took pilace during tlio night botwcou the Otli and 7th of 
December j. 

It has been mentioned that Keyilor had announced that, after the transit 
of 1631, Venus waiuld not again he seen -iq^on the sun’s disk previous to 
the year 1701. Astronomers were thereforo under the im]>ression, after 

* Monthly Proo. A.st. Sac., vol. ix., p. 60. 

t Dr. Foster, who observed this transit, at. Bruges, states that the planet, when^secn on 
the sun, had rather the appearance of a <jlohe tlian a di.sk. {Monthli/ iVoc. A.st. Soc,, vol. 
ix., p. 4.) A similar I'ctiiark ha.s been tnado on the occasion of solar eclip.ses, sec p. 401, 
(iVbte). 

:|: The two letters of Gassendi to Schickhard respecting the transits of Mercury and Venus 
were published under the title of “ Mercurius in Sole Visus ct Venus invisa.” f Opera 
Omnia, tom. iv., p. 537, ct seq.) 
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the failure of Gassendi’s attempt to obtain a view of the planet during the 
transit of 1631, that the existing generation of the human race would long 
have passed away before another occasion would present itself of observing 
a phenomenon of so interesting a nature. In the year 1639, however, the 
planet passed again over the sun’s disk. On this occasion the transit 
took place unknown to any person living, with the exception of two in¬ 
dividuals who enjoyed the gratification of witnessing the phenomenon. 
The fortunate obsex’vers were Jeremiah Hori'ocks and William Crabtree, 
two young men residing in the north of England, devoted enthusiastically 
to the study of astronomy. Horrocks has given an account of the transit 
of the planet, as seen by himself and his friend Crabtree, in an interesting 
little dissertation on the subject entitled “ Venus in Sole visa.” He had 
been engaged in calculating the places of the planets by means of 
Eansberg’s tables, which their author had boasted to be unequalled in 
point of accuracy; but, on comparing the results with observation, he was 
mortified to find that the discordances were of such magnitude, as to 
render his labours almost of no value. This circumstance calls forth the 
indignation of the young astronomer, who contrasts the tumid arrogance of 
the Belgian calculator with the unobtrusive merits of the illustrious Kep¬ 
ler- Lansberg, with as little modesty as truth, had vauntingly cited the 
words of the Roman poet,— 

Quantum lenfa solent inter viburna cupressi,” 

as affording a just idea of the superiority of his tables over all other ex¬ 
isting labours of a similar kind- Ilorx'ocks remarks, that liow'ever inap¬ 
propriate the simile of the poet may be when so applied, it may be used 
very justly to represent the surpassing excellence of the Rudolphine 
Tables. Indeed, there could not be wanted a clearer indication of the 
genius of Horrocks than is afforded by tlie intuitive sagacity with which 
he seems to appreciate the value of Kepler’s discoveries; for it is to be 
borne in mind that the prejudices in favour of the ancient system of as¬ 
tronomy had not yet been wholly ei'adicated from men’s "ininds 

It is a curious fact, however, that the tables of Eausberg, however 
erroneous, were insti'umental in revealing to Horrocks the interesting fact 
that Venus would pass over the sun’s disk in the month of December, 
1639. He had found that Kepler’s tables displaced the planet in lati¬ 
tude about 8' towards the south, while on the other hand the tables of 
Lansberg indicated a much larger error in the opposite direction. During 
its conjunction with tlio sun in December, 1639, the planet appeared by 
Kepler’s tables to pass a little helotv the sun, while, on the other hand, 
those of Lansberg brought it upon the upper part of his disk. He sus¬ 
pected, therefore, that the planet would actually pass over the solar disk 
towards its lower extremity, and a more complete investigation of the sub¬ 
ject assured him of the accuracy of his surmise. By an exact calculation 
of the time of conjunction, be found, in fact, that the planet w'ould enter 
upon the solar disk on the 24th of November, O.S., 1639, a little before 
sunset- Owing to the shortness of the interval that was to elapse pre¬ 
vious to the actual occurrence of the transit, he was unable to announce 
with sufficient publicity the interesting result at which he arrived, so as 


Montucla states, that Riccioli, Bouillaud, and many other celebrated astronomers, who 
were TOntemporary with them, read Kepler's works without comprehendinaf them. (His- 
tovre des Math&matigueSf tom. ii., p. 254.) r- & v 
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to induce astronomers generally to observe the phenomenon. He did not 
fail, however, to acquaint his friend Crabtree, who lived in the neighbour¬ 
hood of Manchester, with the approaching transit, and accordingly these 
two individuys made suitable preparations, each at his own residence, to 
observe its occurrence. 

Horrocks employed a mode of observation similar to that practised by 
Gassendi on the occasion of the transit of Mercury in 1681, as already 
explained. He divided the diameter of the white cii'cle upon which ho 
received the image of the sun into 80 parts, and each of these into 4 
smaller parts, so that by supposing the apparent diameter of the sun to 
be 30', each of the more minute subdivisions would represent an apparent 
magnitude of 15". After rectifying the motion of the planet, he found 
that its conjunction would not take place before three o’clock in the after¬ 
noon of the 24tli of November. However, as all the tables of the plftnet 
indicated the conjunction to be earlier—some of them even made it to take 
place on the 23rd—he did not consider it prudent to trust too implicitly 
to his own calculations. He therefore did not omit to examine attentively 
the image of the sun from time to time on the 93rd. 

On the 94tli he continued to observe the solar image from sunrise till 
the hour appointed for going to church*. During all this time, he saw 
nothing upon the sun except an ordinary spot of small dimensions which 
he had noticed on the preceding days, and which could not, therefore, be 
Venus. At a quarter past three o’clock in the afternoon, as soon as he 
was again at leisure, he proceeded to resume his observations. “ At this 
time,” says he, “ an opening in the clouds, wdiich rendered the sun dis- 
tictly visible, seemed as if divine Providence encouraged my aspirations, 
luhen. Oh most gratifying spectacle! the object of so many earnest wishes^, 
I perceived a new spot of tioiusttal m.agnitxide, and of a perfectly round form, 
that had just wholly entered upon the left limb of the sun, so that the mar¬ 
gins of the sun and the spot coincided rvith each other, forming the angle of 
contact." The planet, in fact, had then outei'cd upon the eastern limb of 
the sun, at the distance of 69" 80' from the lower extroniity of tlio vertical 
diameter of his disk. By a careful comparison of the relative magnitudes 
of the image and the round spot visible upon it, he concluded their 
diameters to he in the proportion of 80 to 1 or 1-^- at the utmost. The 
apparent diameter of the planet did not therefore exceed 1' 19". 

Owing to the near approach of sunset, Horrocks was unable to observe 
the planet longer than half an hour. Daring this l)rief interval, he mea¬ 
sured its distance from the sun throe different times. Plis observations 
of the phenomenon were made at TT.oole, a small village in Dancashire, 
about fifteen miles to tlio nortli of Diverpool. 

Crabtree, who resided at Broughton near Manchester, had made ar¬ 
rangements for observing tlio Iratisit similar to those employed by Hor¬ 
rocks. The sky, however, unfortunately continued overcast during the 
whole day, and he had abandoned all hopes of witnessing the phenomenon, 
when, just a little before disappearing below the horizon, the sun burst 
through the clouds. Repairing immediately to the chamber in which ho 
had made preparations to receive the image of the sun, he beheld, to his 

* The words of Horrocks on this occasion, “ ad major a avocatus quee utique oh hme 
parerga negligi non dccuit" manifestly have reference to religious duties, and this in¬ 
ference is further confirmed by the fact that the 24th of November, 1639, fell upon 
Sunday, as will be apparent to any person by a slight computation. 

f “ Ecce gratissimum spectaculum et tot votorum materieml” 
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unspeakaMe deliglit, the round Waol?: spot representing the planet depicted 
upon the white circle. According to Uorrocks, he was so captivated by 
the spectacle, that he gazed upon it immovably for some time, and when 
he recovered himself, the clouds had again obscured the sun, so that he 
was unable to make any accurate measurements. He, however, drew a 
diagram of the position of the planet, which Horrocks found to agree 
exactly with his own observations. He estimated the diameter of the 
planet at -j^-jjths of the solar diameter, or about 3'', supposing with 
Hormcks that the latter was equal to 30'. 

Thus did two young men, cultivating astronomy together in a state of 
almost complete seclusion in one of the northern counties of England, 
enjoy the privilege of witnessing a phenomenon which human eyes had 
never before beheld, and which no one was destined again to see until 
more than a hundred years had passed away*. Unfortunately, a prema¬ 
ture death deprived their country of the two individuals who exhibited 
such enthusiasm in the cause of science, Horrocks was a young man of 
extraordinary genius, whose name would assuredly have formed a house¬ 
hold word to future generations, if his career had not been so soon brought 
to a close. It may perhaps not be uninteresting to mention some of the 
few facts which are known respecting the two youthful astronomers, 

Jeremiah Horrocks was born at Toxteth, near Uiverpool, in the year 
1619, of parents wdio appear to have been in rather straitened circum¬ 
stances. Having received the rudiments of instruction at his native 
place, lie subsequently completed his education at Emmanuel College, 
Cambridge. About the year 1033, he seems to have been first led to 
turn his attention to astronomical pursuits. In one of his posthumous 
fragments, he has described, with all the fervour of youthful enthusiasmf, 
the state of his feelings at this time, and the means by which he suc¬ 
ceeded in vanquishing the difficulties of his position; for it must be 
borne in mind that, in those days, there was no branch either of mathe¬ 
matical or physical science taught at Cambridge. “ I felt great delight,” 
says he, “ in meditating upon the fame of the great masters of science, 
such as Tycho Brahe and Kepler, and sought at least to emulate them 
in my aspirations. I imagined that nothing could be nobler than to 
contemplate the manifold wisdom of my Creator amid so great a pro¬ 
fusion of works ; and to behold the pleasing variety of the celestial mo¬ 
tions, the eclipses of the sun and moon, and other phenomena of the 
same kind, no longer with the unmeaning gaze of vulgar admiration, but 
with a desire to kiioiv their causes, and to feed upon their beauty by a 
closer inspection of their mechanism.”! Serious obstacles, however, opposed 
themselves to the realisation of these ideas by Hoi'rocks. His humble 
condition in life was by no means favourable to the tranquil prosecution 
of astronomical researches. He had no teacher who could give him any 


The transits of Venus happen invariably either in June or December, according as 
^e planet is passing through the descending or the ascending node of its orbit. The 
intervals between the successive transits counted in years are—8, 105.^; 8, 121^; 
8,105^ ; &c., &c. Two transits of the planet at the ascending node will happen in the 
century, one on Dee. 8, 1874, and another on Dec. 6, 1882. The transit of 
1038, witnessed by Horrocks and Crabtree, is the only phenomenon of this kind that has 
observed at the ascending node. 

A Horrocks 6tait jeune et enthousiaste, mais cette jeunesse et cette 

hopqme vraiment distingue.** (Delambre, Hist. Ast. Mod,, 

$ Opera Pb^ibataca, p; 2. 
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instruction in the elements of the science, nor even a companion to cor 
operate with him in his studies. But these disadvantages did not effectually 
depress his ardour. JHe resolved to cultivate the science alone, by the 
aid of such books as his limited means could from time to time supply 
him with. About the year 1636, he at length had the good fortune tQ 
obtain the acquaintance of Crabtree, who had already been engaged in 
similar pursuits. The two young friends corresponded, together for several 
years on astronomical subjects, occasionally communicating with Samuel 
Foster of London, who was subsequently Professor of Astronomy in 
Gresham CollegeIn a letter dated October 3, 1640, Horrocks stated 
to his friend that he intended soon paying him a visit, but he wished pre¬ 
viously to bring to a conclusion his Dissertation on the transit of Venus, 
On the 12th of December following, he expressed in another letter his 
regret that the inconstant state of his affairs, and the daily performanoe of 
duties of a harassing nature, prevented him so long from enjoying the 
gratification of a personal interview with his friend. At length, on the 
19th of the same month, he wrote to say that if nothing unusual should 
prevent him (nisi quid prcBter insolitum impediat), he would be at Brough¬ 
ton on the 4th of January. Alas! his expectations were not destined to 
he realised, Dr. Wallis found on the back of this letter a statement in 
Crabtree’s own handwriting to the effect that his dear friend Horrocks 
died very suddenly on the morning of the 3rd of January, being the very 
day previous to that on which he intended to visit him. Crabtree survived 
his friend only a very short time. Dr. Wallis, in 1672, was unable to 
obtain any authentic particulars respecting his death. The general belief 
was, that he had perished in the civil wars which soon afterwards broke 
out. 

Amid the angry din of political commotion, the name of Horrocks was 
completely forgotten, until at length, after the laps© of twenty years, the 
manuscript of his “ Venus in Sole Visa” having been shown to several 
members of the Doyal Society, which had just been, instituted, a general 
feeling of admiration was excited by its perusal, and a strong desire was 
expressed that it should be published. Huyghens, who happened to be 
then in London, was so much struck with the genius of the youthful 
author of the Dissertation that lie caused a copy of it to he taken, and trans¬ 
mitted it to Hevelius, who published it at Dantzic in 1662, along with his 
own “ Mercurius in Sole Visus,” It does not redound to the credit of 
England, that this exquisite relic of oue of her most gifted sons should 
have been allowed first to see the light in a foreign landf. _ Nor can 
it assuredly be urged, in extenuation of her indifference, that its author, 

* It appears from Ward’s “ Lives of the Professors of Gresham College,” that Samuel 
Foster completed his education at Emmanuel College, Cambridge, so that in all probability 
he was a fellow student of Horrocks. 

t In fact it has never since been published anywhere else. Delambre expresses his, 
astonishment at not finding it in the work edited by Wallis. A short postscript to the 
preface, however, serves to explain the omission. It is stated therein that Flamsteed 
purposed soon publishing a new and more correct edition of the tract “ Venus in Sole 
Visa,” from a manuscript in the author’s own handwriting. It is well known that Flam¬ 
steed never fulfilled the expectation thus held out respecting him. In the list of MSS. 
of Flamsteed’s, preserved in the Royal Observatory of Greenwich, and inserted at the 
beginning of Daily’s Life of Flamsteed,” there is mention of a copy of Horrocks’ 
“ Venus in Sole Visa,” which, in all probability, is the very copy alluded to by Wallis, 
If such be the case, it would be only paying a just tribute to the memory of the author to 
publish it. Delambre states that the work of Hevelius, in which it originally appeared, 
is now excessively rare. 
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less fortunate than some of his successors, was struck down by the re¬ 
morseless arm of death at the very commencement of his brilliant career. 

Having thus been made acquainted with the loss which their country 
had sustained from the premature death of Horrocks, the Royal Society 
took steps to collect together all the memorials respecting himself and 
his friend Crabtree, which might still he in existence, with a view to their 
publication. It was found that much of what Horrocks had written was 
irrecoverably lost. Some of his papers, which, for greater security, had 
been kept in a secret place during the civil wars, w'ere burned by a 
party of soldiers who entered his father’s house in quest of plunder. 
Some were carried to Ireland by his brother, who died there and was no 
more heard of. Another portion, which had been deposited in a book¬ 
seller’s shop inXiondon, was destroyed during the great fire of 1666. The 
task of editing all the remaining fragments that could be procured was 
committed to Dr. Wallis, who was then Savilian professor of geometry 
in the University of Oxford. They were finally published at London, in 
the year 167S, under the title of “ Jeremise Horroccii Opera Posthama.” 
They consist of a defence of the Keplerian astronomy, a selection of letters 
from Horrocks to Crabtree, astronomical observations of the two friends, 
and an exposition of the lunar theory of Horrocks by Flamsteed. In the 
preface to the work. Dr. Wallis has mentioned such facts as came to his 
knowledge respecting the life of Horrocks, nor has he failed to allude, in 
terms of burning indignation, to the apathy with which for more than 
twenty years the manuscripts of the youthful astronomer were regarded 
by his countrymen It must be acknowledged, ho'wever, that the act 
of reparation which was finally effected forms a bright episode in the 
early history of the Royal Society, and that throughout all the proceedings 
connected with the execution of the task assigned to him, Dr. Wallis ex¬ 
hibited a spirit of disinterestedness and zeal which reflects the highest 
honour on his character!. 

When the early death of Horrocks is considered, his posthumous 
fragments may be readily supposed to derive their interest rather from 
the indications they afford of what might have been expected from him 
if a longer term of life had been granted to him, than from any positive 
influence which they were calculated to e.xercise on the progress of 
physical science. In the lunar theory, however, he effected an im¬ 
provement which would alone suffice to obtain for him an imperishable 
reputation. His beautiful explanation of the inequality in the moon’s 
longitude, termed the evection, by means of a libratory motion of the 
apsides and a variable eccentricity, was the last great step made in the 
development of the laws of the planetary movements previous to the 
establishment of the theory of gravitation by Newton; and there can be 
little doubt that it afforded material aid to that philosopher in his expo¬ 
sition of the general principles of perturbation as detailed by him in the 
sixty-sixth proposition of the first book of the “ Principia ” and its famous 
corollaries. Horrocks has thus won for himself a place among those great 

• ** Non possum, inquam, non in dignari, pretiosum hoc spectaculum (Venus iu Sole 
null© auro redimendum, descriptum, preloque paratum, delituisse per annos integros 
vigind duo; neminemque interea repertum esse, qui tarn bellam patris mortui prolem 
msciperfet, qui rem tanti ad astronomiam momenti in lucem mitteret, qui nostras gentis 
ramse, vel omnium commodo, eatenus inserviret.” 

■f Use account of the various proceedings connected with this matter will be found 
scattered through the first two volumes of Birch’s “ History of the Royal Society. ” 
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men wlio, from Hipparchus downwards, hy their successive efforts, esta¬ 
blished the fandamental facts relative to the movements of the planets 
without reference to their physical cause. 

Although the posthumous works of Horrocks can only he regarded as 
mere fragments, their perusal cannot fail to excite a feeling of deep 
regret that astronomy was so soon deprived of the benefit of his labours. 
It would be inconsistent with the object of this work to attempt a com¬ 
plete analysis of their contents, but a glance over some of his letters to 
Crabtree may serve to confirm the truth of Delambre’s remark, that if their 
author had lived he would have proved himself the worthy successor of 
Kepler. These letters were written originally in English, but were 
translated into Latin by Dr. Wallis. 

In a letter dated November 93, 1637, Horrocks states that he had re¬ 
cently spent some time in meditating upon the physical principle in virtue 
of which the planets revolve in oval orbits. “ Kepler,” says he, “ attri¬ 
butes their movements to the action of magnetic fibres, but I entertain 
serious objections to this hypothesis. It appears to me, however, that I 
have fallen upon the true theory, and that it admits of being illustrated 
by means of natural movements on the surface of the earth, yor nature 
everywhere acts according to a uniform ‘plan, and the harmony of creation 
is such that small things constitute a faithful type of greater thiyigs." 

In a letter dated July 96, 1638, he ascribes the motion of the lunar 
apsides to the disturbing force of the sun. This very remarkable idea of a 
perturbative influence, exercised by the various bodies of the planetary sys¬ 
tem upon each other, had not yet been suggested by any philosopher. The 
circumstance of its being perfectly true in the particular case alluded to 
by Horrocks, tends in a still greater degree to enhance the merit of the 
surmise. In the same letter he exhibits an illustration of the planetary 
movements by suspending a weight from a fixed point by a long cord, and, 
having drawn the weight a little aside from the vertical direction, apply¬ 
ing to it a slight tangential impulse. This beautiful experiment, illustra¬ 
tive of the action of a central force, has been generally ascribed to Hooke, 
who merely reproduced it, at a meeting of the Royal Society, about thirty 
years after Horrocks had devised it*. Horrocks remarked that the pen¬ 
dulous body would describe an ellipse, the apsides of which would advance 
slowly in the direction of the body’s motion. It did not escape his obser¬ 
vation that this experiment did not represent the movements of the 
planets with sufficient fidelity, inasmuch as there were two perihelia and 
two aphelia, the centre of the ellipse being in fact the centre of force, 
instead of the focus, as in the case of nature. In order to make the 
parallel more complete, he supposed a gentle wind to blow constantly 
upon the pendulum in the direction of the major axis of the ellipse. If 
the representation wus still imperfect, it must be admitted that the step 
here taken was at least in the right direction. Horrocks, in his researches 

Hooke first gave an account of his experiment at the meeting of the Royal Society, 
which was held on the 23rd of May, 1666 (Birch’s “ History of the Royal Society,” vol. ii., 
p. 92). It might be supposed that as Horrocks’ posthumous works were not published till 
1672, Hooke could not have been indebted to them for the original idea of the experiment. 

. It appears, however, that Wallis had completed hjs task of preparing the writings of Hor¬ 
rocks for publication as early as September 21, 1664 (Birch, vol. i., p. 470). The print¬ 
ing of the work was deferred by the Council until the president should give his opinion 
vrespecting it. The circumstance of its remaining so long in manuscript arose, doubtless, 
from the impoverished state of the Society’s tr<?asury during the early period of it» 
existence. 
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on the physical cause of the planetary moYements, laboured under the 
disadvantage of having only accessible to him the erroneous ideas of Kepler 
on the principles of mechanical science. A remark, however, contained in 
the letter just cited, will serve to show that he possessed a mind adequate 
to detect the fallacy of such ideas, and to substitute others more in 
accordance with nature in their stead. Kepler had supposed the planets 
to he ’whirled round in their orbits by the transverse action of magnetic 
fibres; but as their revolutions round their axes seemed to him to offer 
an impediment to this action, he had recourse to the strange supposition 
of the exterior stratum alone of each planet being endued with a rotatory 
motion. Horrocks remarked that such a supposition was totally unneces¬ 
sary, since the rotatory motion of the planets could not impede their 
motion of translation, any more than the rotation of a stone thrown with 
the hand impedes the motion which it has acquired in the direction of the 
impulse. 

The following passages exhibit a distinct perception of the famous 
inequality in the mean motions of Jupiter and Saturn arising from their 
mutual disturbance. It may be remarked that, throughout the whole of 
the sixteenth century and the first half of the seventeenth century, 
the mean motion of Jupiter was increasing with great rapidity in virtue 
of that inequality, while, on the other hand, the mean motion of Saturn 
was undergoing a corresponding retardation. 

Writing on the 3rd of June, 1637, he mentions that he had at length ob¬ 
tained possession of the Rudolphine Tables.' A comparison of them with 
various modem observations convinced him that the mean motion of 
Jupiter ■was in reality quicker than Kepler had made it. ’ On the 19th of 
January, 1638, he makes the same remark in nearly the same terms 
{Jl^qualis^motus Jovis est notabiliter velocior quam apud Keplerum). On 
the 25th of July, 1638, he proposes to correct the motion of Jupiter by 
adding 1° 30' to the aphelion, and about 3' to the mean longitude. In a 
letter dated September 29 of the same year, he states that the observations 
of Jupiter made in the time of Waltherus agree with the most recent 
observations in indicating, beyond all doubt, that the mean motion of the 
planet is more rapid than it appeared to be from the Rudolphine Tables. 
The quantity of the acceleration seemed to him to amount to 1' in ten 
years. It was very certain, he added, that from the time of Tycho the 
mean longitude of the planet was at least 4' or 5' greater than the tables 
made it. On the 14th of September, 1639, he proposes to add 1' to the 
mean longitude of Jupiter in the beginning of 1600, and 11' in the begin¬ 
ning of 1700, with a proportional quantity in any intermediate period. In 
order to show how nearly Horrocks arrived at the true acceleration, it may 
be mentioned that the increments which the mean longitude of Jujjiter ac¬ 
tually received in the first half of the seventeenth century, during successive 
periods of ten years, were 1' 22", 1' 20", 1' 18", 1' 15", 1' 12". The ’time 
when Horrocks lived was, in fact, exceedingly favourable for detecting the 
great inequahty of Jupiter and Saturn, on account of the rapidity with 
which it was then developing itself*. In a letter dated July 30, 1640, 

* The truth of this remark will he more apparent when it is stated that from 1800 to 
1850 the accessions to the mean longitude of Jupiter, arising from the great inequality 
sqoc^ive periods of ten years, were only 10".8, 17",0, 22".9, 28".5, and 
msplts,well as those of a similar nature in the text, are calculated firom 
the e3cpt^i<^“Rir fi>e inequality givenhy Pont6eoulant, (^Thiorie Jinalytique du JSysi^me 
du Monde, tb*n. iS., p. 450), which includes the terms depending on the fifth powers of 
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lie still adlieres to Ms previous conclusion. He proposes to add 5' to tlie 
mean longitude at tlie beginning of 1640, and 6' at tlie beginning of 
1650. Throughout the whole of the current centui^, the mean motion of 
the planet seemed ,to him to be more rapid than it was according to the 
Rudolphine Tables, the acceleration being equivalent to an increase in tlie 
mean longitude of 1' in ten years. “ Whether the acceleration will con¬ 
tinue or not,” says he, “ I do not know; but between 1490 and 1590 tho 
mean motion was segnsibly more rapid than it is now.” Ho hero seems to 
hint at the -possihle jperiodicity of the phenomenon. 

The retardation of Saturn’s mean motion did not escape the sagacity 
of Horrocks, although he does not seem to have retained such a firm hold 
of the inequality as in the case of the corresponding acceleration of 
Jupiter’s mean motion. On the 3rd of June, 1637, he proposes to 
subtract 4' from the mean longitude of Satmm at the beginning of 1600. 
On the 15th of October, 1638, he writes that the observations of Saturn, 
in the time of Waltherus, indicated the mean motion of the planet to 
be slower than Kepler had made it in the Kudolphine Tables. On the 
14th of September, 1630, he again alludes to the irregularity in tlie mean 
motion of the planet. “Saturn,” he says, “seems to experience sometimes a 
singular retardation in its motion. {Videtur Saturtius mirarn aliquani 
aUquando habere motus siti retardationeni.') Tie minarks, however, that 
the phenomenon would occasion Mm greater annoyance were it not that 
there was some consolation in being probably the first who discovered 
it {nisi quod hoc aliquid solatii est, noSy credo, primos esse qui detegimus). 
He requests Crabtree to watch the phenomenon carefully by making con¬ 
stant observations of the planet. With respect to the true correction 
to be applied to the Kudolphine Tables he was unable to pronounce a 
positive opinion ; “ but if we discover anything hereafter,” says he, “the 
retardatioyi of the planet will allow an easy correction of the ExMomerides.” 

In a letter dated July 26, 1638, he makes some conjectures relative 
to the nature and movements of comets. He sux")xioses them to be i:)ro- 
jected from the sun, and to move vsith a continually slower velocity as 
they recede from that body, until at length they become stationary, and 
then begin to return with accelerated sjieed, like the sine in the circle, 
deflecting somewhat in the direction of the sun’s rotation. He requests 
Crabtree to send him Tycho .Brahe’s observations of comets, contained 
in his IProgymnasmata, in order that he might comxiare them with his 
hypothesis. In a letter dated September 29, 1638, he states that the 
observations of the comets of 1577 and 1590 confirmed his conjecture of 
comets in general being jirojected from the sun. lie sujiposes, in accord¬ 
ance with Kepler’s ideas of a whirling force, that tliey are subsequently 
carried round the sun with a motion which is, in all xn*obability, variable^ 

On the 3rd of October, 1640, he announced to Crabtree that he had 
undertaken the prosecution of a series of observations on the tides, in 
order that, by the aid of experiment, he might be enabled to arrive at 
some definite conclusions respecting their real nature. 

the eccenlricities and inclinations of the two planets, and also those duo to the square of 
the disturbing force. 

* Wallis, in a letter to the Koyal Society dated January 21,1GG4-5, states that Horrocks 
made the comet to return to the sun in an elliptical figure, or very nearly so. According 
to this hypothesis he traced the comet of 1577. Ho requests that tho paper relative to 
this comet, being in Horrocks’ own handwriting, be carefully preserved (Birch, Hist. 
Roy. Soc., vol. ii., p. 11). 
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On the IStTi of DecemlDer, 1640, he exi^ressed to his friend a strong 
desire to obtain some of Gascoigne’s measurements of the lunar dia¬ 
meter^. He also announced to him that his observations of the tides 
had already revealed to him many interesting particulars. They were 
withal very regular, although subject to many strange inequalities hitherto 
remarked by no person. He had only prosecuted his researches three months, 
but he hoped that, by continuing his observations for a year, he should obtain 
some valuable results ■f. In the same letter he entreats his friend to per¬ 
severe in his astronomical pursuits, adding, that as soon as his own affairs 
would permit, he purposed resuming his favourite studies. Alas ! ere an¬ 
other monbh had elapsed, his noble spirit had fled from its mortal tenement. 

It cannot fail to excite the admiration of the reader, that a youth of twenty- 
two years of age should have exhibited in his researches such sagacity of 
thought and fertility of invention, such enlightened and judicious views 
on the various subjects which engaged his attention, and such unwavering 
confidence in the resources of his own mind. Who can doubt that, if his 
days had been more numerous, the history of physical science in the 
seventeenth century would read very differently from what it now does. 
Justly may it be affirmed, in the language of the illustrious editor of his 
fragments,—“ Qui enion tarn paucis annis, auxiliis parvis, tantisque ohsitus 
dvfficuZtatibus tantos progressus fecerat j quid non Jecissett si Deus hucusque 
vitam protelavisset! si necessariis omnibus instructus, doctorum etiani 
consortio, adjutus fiiisset!" 

The utility of the transits of the inferior planets in furnishing an accu¬ 
rate method of determining the value of the solar parallax, was first 
pointed out by James Gregory, the celebrated mathematician, in his 
treatise entitled “ Optica Promota,” which was published at London in 
1663. As the credit due to the original suggestion of this method has 
been generally ascribed to Halley, it may not be out of place to cite 
the passage in which Gregory alludes to it. In a scholium to the eighty- 
seventh problem, the object of which is to determine the parallaxes of two 
planets by observations of their conjunctions, he makes the following 
statement:—“This problem has a very beautiful application, although 
perhaps laborious, in observations of Venus or Mercury when they obscure 
a small portion of the sun; for by means of such observations the parallax 
of the sun may be investigated 1. It would be impossible to establish 
the claims of Gregory to priority of discovery upon a more unequivocal 
basis than is afforded by this passage. Halley’s attention was first 
directed to the subject on the occasion of his observation of the transit 
of Mercury in 1677, that is to say, fourteen years after the publication 

* Gascoigne was the original inventor of the micrometer, as will be shown in the next 
chapter, and it is to the results obtained by the use of this instrument that Horrocks here 
alludes. Crabtree had just returned from a visit to Gascoigne in Yorkshire, and one of 
the principal objects of Horrocks’ contemplated visit to his friend was to obtain an account 
of the very remarkable improvements in practical astronomy which Gascoigne had re¬ 
cently effected. See, in the next chapter, an extract of a letter from Crabtree to Hor¬ 
rocks, in which ther^ is contained an interesting allusion to the micrometer, which 
Gascoigne showed Crabtree on the occasion of this visit. 

d* Horrocks appears to have been the first person who undertook the prosecution of a 
continuous course of observations of the tides, for the express purpose of obtaining a 
series of facts which might form the groundwork of a philosophical investigation of the 
subject. 

T Optica Promota, p. 130. The words in the original are :—“ Hoc problema pulcher- 

Tomna sedforsan laboriosum, in observationibus Yeneris vel Mercurii parti- 

am soHs obseuxantis j ex tallbus enim solis parallaxis investigari poterit. ” 
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of the Optica "Promota*. Whatever development the method acquired 
from him, cannot affect the merits of the original discoverer. Captain 
Smyth, while vindicating the just claims of G regory, has truly remarked that 
Halley needs no borrowed plumes. Even in the present instance it 
must be admitted, that the ability with which he expounded the pe¬ 
culiar advantages attending the determination of the solar parallax by 
observations of the transits of Venus, the earnestness with which he re¬ 
commended the practical application of the method, and the weight of 
his authority on questions relating to astronomical science, were mainly 
instrumental in inducing the different governments of Europe to adopt 
those liberal proceedings for observing the transits of J761 and 1769, 
which have led to a more accurate knowledge of the dimensions of the 
solar system than could otherwise be hoped for. 

The physical appearances noticed during the transits of Venus which 
happened in the last century have given rise to a good deal of speculation, 
but it must be admitted that the conclusions arrived at upon this point 
cannot be regarded as altogether satisfactory. The most remarkable of 
such appearances was that witnessed when the planet was just wholly 
within the sun’s limb. It was found on the occasion of each of the tran¬ 
sits of 1761 aiid 1769, that the interior contact of the planet with the sun 
did not take place regulaily at the ingress, the planet appearing, for some 
time after it had wholly entered upon the solar disk, to be connected with 
the sun’s limb by a dark ligament. A similar phenomenon was observed 
at the egress of the planet. It was also found that, even after the planet 
had wholly separated from the sun’s limb, it did not acquire its round form 
till after the lapse of several seconds. In order that the reader may form 
a more accurate conception of these phenomena, it may not, perhaps, be 
unacceptable to cite in detail a few of the observations relating to them. 

Mr. Hirst, who observed the transit of 1761 at Madras, states that “ at 
the total immersion, the planet, instead ^of appearing truly circular, re¬ 
sembled more the form of a bergamot pear, or, as Governor Pigott then 
expressed it, looked like a 'yrine-jnn: yet the preceding limb of Venus 
was extremely well tlcrmcd.” "With respect to the end of tlio transit he 
remarked, “ that the planet was as black as ink, and the body truly 
circular, just before the beginning of the egress, yet it was no sooner in 
contact with the sun’s preceding limb, than it assumed the same figure 
as before at the stm’s subsequent limb: the subsequent limb of Venus 
keeping well defined and truly circular.”! 

A similar appearance w^as observed by Ealande at Paris, by Bergman 
at TJpsal, and also by several other individuals. 

Dr. Maskelyne, who observed the transit of 1760 at Greenwich, gives 
the following description of a phenomenon of a similar nature witnessed 
by him at tlio ingress of the planet:— 

“The irregularity of Venus’s circular figure was disturbed tow’ards the 
place where the internal contact should happen, by the addition of a pro- 

* James Gregory, one of the mo.st eminent mathematicians of the seventeenth century, 
was born at Aberdeen in 1639, and died at Edinburgh in 1675, at the early age of 
thirty-six years. He was only twenty-four years old when he publislied the Optica 
JPro7nota, which, besides the important remark alluded to in the text, contained also 
the original explanation of the pinnciple of the reflecting telescope. Halley’s earliest 
allusion to the utility of observations of the transits of the inferior planets in determining 
the solar parallax, is contained in his CataloytLS SteUarum A-ustralkim, published in 
1679. Ho subsequently returned to the subject in the volumes of the l^hilosophical 
Transactions for 1694 and 1716. 

f Phil. Trans., 1761, p. 39G. 
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tulDerance, dark like Venus, and projecting outwards, wMch occupied a 
space upon tke sun’s circumference ■wliicli bore a considerable proportion 
to the diameter of Venus. Fifty-two seconds before the thread of light 
was formed, Venus’s regular circumference (supposed to be continued as 
it would have been without tlie protuberance) seemed to be in contact with 
the sun’s circumference, supposed also completed. Accordingly, from 
this time, Venus’s regular circumference (supposed defined in the manner 
just described) appeared wholly within the sun’s circumference, and it 
seemed, therefore, wonderful that the thread of light should he so long 
before it appeared, the protuherance appearing in its stead. At length, 
when a considerable part of the sun’s circumference (equal to one-third 
or one-fourth of the diameter of Venus) remained still ohscirred by the 
protuberance, a fine stream of light flowed gently round it from each side, 
and completed the same in the space of three seconds of time ; and Venus 
appeared wholly within the sun’s lucid circumference. IBxit the protube¬ 
rance, though diminished, was not taken away till about twenty seconds more ; 
when, after being gradually reduced, it disappeared ,. and Yenus's circular 
figure was restored.” ^ 

Dr. Be vis states in the account of his ohservations that “ the planet 
seemed quite entered upon the disk, her upper limb being tangential to 
that of the sun; but instead of a thread of light, which he expected im¬ 
mediately to appear between them, he perceived Venus to be still con¬ 
joined to the sun’s limb by a slender kind of tail, nothing near so black 
as her disk, and shaped like the neck of a Florence flask. The said tail 
vanished at once; suxdfor a few seconds after, the limb of Vemis, to xvhich 
it had been joined, appea7'ed more prominent than her lower part, somewhat 
like the lesser end of an egg, but soon resximed its rotundity.” f 

The Rev. Mr. Hirst thus describes the appearance presented during 
the transit:—“The same phenomena of a protuberance which I observed 
at Madras in 1761, at both internal contacts, I observed again, at this last 
transit. At both times the protuberance of the upper edge of Venus 
diminished nearly to a point before the thread of light between the con¬ 
cave edge of the sun and the concave edge of the planet was perfected, 
when the protuherance broke off from the upper edge of the sun: hut 
Venus did not asstime its circular form till it had descended into the solar 
disk some distance b 

Mr. Dunn, who observed the transit at Greenwich, remarks that “ he 
saw the planet held as it were to the sun’s limb by a ligament formed of 
many black cones whose bases stood on the limb of Venus, their vertices 
pointing, to the limb of the san.”§ 

Mr. Pigott states that Venus, before she separated from the suu, was 
considerably stretched out towards his limb, which gave the planet nearly 
the form of a pear; and even after the separation of the limbs, Venus was 
twelve or more seconds before she resumed her rotu7%dit^.”\\ 

With respect to the physical cause of the phenomena above referred to, 
the most probable hypothesis of their origin is that which attributes them 
to the influence of irradiation- Ralande first shewed that the dark liga¬ 
ment connecting the limbs of the planet and the sun might be satisfacto¬ 
rily accounted for upon this principle if. The most consistent explanation, 
that can he given of the protuberance on the limb of the planet, when it 
appeared wholly separate from the snn’s limb, is that proposed by Prof. 

* Phil. Traios., 1768, p. 358. f Ibid., 1769, p. 190. t Ibid-, p- 229. 

§ Ibid., 1770, p. 70. Ibid., p. 262. ^ M4ra,. Acad, des Sciences, 1770, p. 409. 
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IPowell in thB analogotts case of aminlai? eclipses. The appearance 
noticed by Mr: Dunn seems to be totally inexplicable, unless it be 
assimilated to the dark lines witnessed during the annular eclipse of 
1836, and other similar occurrences. 

It was rernarked by several observers of the transits of 1761 and 1769, 
that both at the ingress and egress, the portion of the limb of the planet 
that vvas off the sun, was visible by means of a faint light surrounding it 
in the form of a ring. Da Ghappe, who observed the transit of 1761 at 
Tobolsk, in Siberia, states that the light of the ring Was of a very deep 
yellow near the body of the planet, but that it became more brilliant 
towards the outer border* ** . MM. Stromer, Mallet, Bergman, andMelandet, 
who observed the same transit at XJpsal, remarked that when three-fourths 
of the planet's limb had entered upon the sun, the remaining fourth was 
visible by means of a faint ring which appeared around itf. A similar 
phenomenon was observed on the same occasion by Wargentin at Stock¬ 
holm, by Planman at Oajainbourg, and in several other instances ^ 

Dr. Maskelyne, who observed the ingress of Venus upon the sun’s disk 
at Greenwich on the occasion of the transit of 1769, states that, w’’hen the 
planet was little more than half entered upon the sun, he saw her whole 
circumference completed, by means of a vivid but narrow and ill-defined 
border of light, which illuminated that part of her circumference that was 
off the sun. He adds that it disappeared two or three minutes before the 
internal contact §. A similar phenomenon was witnessed during the same 
transit, by Wales and Dymond at Hudson’s Bay |1, by Pingre and De 
Fleurieuat Cape Francis in the Island of St. Domingo^, and by various 
other observers in different places. 

Several of the observers of the transits of 1617 and 1769 remarked 
that, when Venus was wholly entered upon the sun, there appeared a faint 
ring around her limb. Dunn, in his account of the transit of 1769, 
describes it as a lucid annulus about five or six seconds in breadth, some¬ 
what dusky towards the limb of the planet, and at the outer margin tinged 
a little with blue*=5=. Mr. Hitcliins, alluding to the same phenomenon, 
states that it was excessively white and faint, and that it ivas brightest 
toivards the body of the planet i-f Nairne asserts that it appeared brighter 
and whiter than the body of the sun 

It is worthy of remark that, in general, those individuals who observed a 
faint light around the part of the limb of Venus that was off the sun, on the 
occasion of the transits of 1761 and 1769, do not seem to have perceived the 
complete annulus around the limb of the planet when it was vrholly entered 
upon the sun’s disk. On the other hand, most of those observers who 
witnessed the latter phenomenon do not make any allusion to the former 
as having been seen by them. The observations of Da Ohappe, Maskelyne, 
and several other individuals, are very clear upon this point. It would 
seem, therefore, that the two phenomena are not of the same nature. With 
respect to the physical origin of either, no satisfactory explanation has yet 
been offered. The appearance noticed when the planet was only partially 
on the sun, has a strong analogy to that alluded to by M. Arago and 
several other persons in France relative to the visibility of the whole of 
the moon’s limb during the progress of the total eclipse of the sun of 


* Mem. Acad, des Sciences, 1761, p. 363. t Ibid., p. 364. i Ibid- 

§ Phil. Trans., 1768, p. 337. H Ibid., 1769, p. 482. f Ibid., 1770, p. 498. 

** Ibid., 1770, p. 71. ft Ibid,, 1768, p. 363. Ibid., p. 364. 
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July 8, 1842. If it be assumed that the atmospheric light diminishes 
-with, such rapidity from the sun’s limb that the light of the solar atmo¬ 
sphere forms an aUq[uot fraction of it at a very small distance from the limb, 
it may then be inferred, as in that case, that the visibility of the planet’s 
limb arises from the obscurity of its surface, when contrasted with the 
brightness of the ground upon which it appears projected. Such a supposi¬ 
tion, however, is by no means probable- The faint ring that was seen by 
some observers around the planet’s limb when it had wholly entered 
upon the sun’s dish, has been supposed to indicate the' existence of an 
atmosphere about the planet, but the various statements respecting its 
appearance are not sufficiently consistent with each other to warrant 
such a conclusion, although at the saine time it seems to be justified by 
other considerations, to which allusion has already been made in a former 
chapter. 

Sometimes the planets are eclipsed in consequence of the moon passing 
between them and the earth. The earliest recorded phenomenon of this 
nature is an occultation of Mars by the moon, which Aristotle makes 
mention of in one of his works. He states that when the moon was half¬ 
full, the planet entered behind the limb on the unenlightened side, and 
subsequently emerged on the bright side *. Kepler calculated the date 
of this occultation, and found that it occurred on the night of the 4th of 
April in the year 357 a.c. f. The rapid and tortuous motion of the moon 
produces occasional occultations of this nature, but they are not of much 
importance to the astronomer. It was expected that the circumstances 
accompanying such occultations would serve to throw light upon the much- 
disputed question of the existence of a lunar atmosphere, but no such 
advantage has hitherto been derived from them. 

The occultation of a star by the moon is a phenomenon which, although 
of frequent occurrence, never fails to prove interesting. "When the dark 
limb of the moon comes up to the star, the occultation is invariably found 
to take place instantaneously, whence it is manifest that the apparent 
magnitude of the star must be excessively small. The effect in such cases 
is most striking when the whole body of the moon is invisible, as occa¬ 
sionally happens when she is totally eclipsed. A phenomenon of this 
kind was witnessed by Wargentin during the lunar eclipse of May 3 8, 
1761, to which allusion has already been made. Previous to the total 
disappearance of the moon, he perceived a star near her eastern limb, 
which seemed to be about to undergo occultation. He therefore followed 
it with great attention until at length, at 10^^ 52^® 39®, when even the 
faintest trace of the moon had ceased to be visible, it vanished in less than 
the twinkling of an eye J. 

Occultations of stars by the moon serve to fix the apparent position of 
the latter body with great accuracy, and in consequence they have proved 
very serviceable in correcting the elements of her motion. For a similar 
reason they are of great use in determining the differences of longitude of 
places on the earth’s surface. 

A singular phenomenon of a physical nature is sometimes observed on 
the occasion of an occultation of a star. When the limb of the moon has 
come up to the star, the latter appears to advance upon the moon’s disk, 
continuing visible in tins manner for several seconds previous to its oc- 

* De CsbIo., lib. ii., cap. 12. f Ad. Vitellionem Paralipomena, p. 307. 

\ « Oeuli icta dtius” C^Phil. Trans., 1761, p. 210). 
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cultation=i*. No satisfactory explanation of this strange anomaly has hitherto 
heen advanced by any person. One of the most recent, as well as one of 
the most specious modes of accounting for its physical origin is due to 
Prof. Stevelly. According to the hypothesis proposed by him, the phe¬ 
nomenon is purely an effect of the diffraction of light. Newton had 
shewn by experiment that the rays of light which pass veri/ near the 
edge of a body are bent away from it, so as for a short distance to describe 
curves which are convex with respect to it. Prof. Stevelly conceives the 
visible contour of the moon to be such a diffracting edge to the slender 
beam of light which reaches the eye from a fixed star. Under such cir¬ 
cumstances, it is manifest, from the convexity of the course pursued by 
the beam of light while under the influence of the diffracting force,, that 
its final direction when it enters the eye ought, if produced toward the 
moon’s surface, to fall within her limb f.. 

If the above explanation were true, the. phenomenon ought to be visible 
on the occasion of every occultation of a star by the moon. Such, how¬ 
ever, is far from being the case. This is a defect- which may be said to 
characterise in a greater or less degree all the explanations that have 
hitherto been offered relative to a phenomenon, which is manifestly 
an optical illnsion, although its true source is not easy to be discovered. 

Sometimes the planets occult one another in the course of their motion 
round the sun. Such phenomena, however, are manifestly of very rare 
occurrence. Kepler states that on the 9th of January, 1591, Mmstlin 
and himself witnessed an occultation of Jupiter by Mars. The red colour 
of the latter on that occasion plainly indicated that it was the inferior 
planet J. He also mentions that on the 3rd of October, 1590, Maestlin 
witnessed an occultation of Mars by Venus. In this case, on the other 
hand, the white colour of Venus afforded a clear proof that she w^as the 
nearer of the two planets to the earth §. It is to be borne in mind that 
these observations were made before the invention of the telescope, so that 
it is doubtful whether in oitlier of tliese cases the one planet was actually 
superposed above the other, for the peculiar colour of the light might 
arise simply from the predominating influence of the brigliter planet [j. 

Sometimes there happen occultatious of the fixed stars by the planets. 
On the 1st of October, 1672, the planet Mars eclipsed a star in the con¬ 
stellation Aquarius. Cassini, who was then engaged in researches on the 
parallax of Mars, had previously resolved to observe this interesting phe¬ 
nomenon} but he was prevented by cloudy weather from effecting his ob¬ 
ject. Phenomena of a similar nature have occurred in more recent times, 
but no physical consequences have been deduced from them. 

* See a collection of observations of this nature in a paper by Sir James South on 
the occultation of S by the moon (Mem. Ast. Soc., vol. iii., p. 303, et seq). 

-j- Brit. Assoc. Rep., 1845. Trans, of the Sections, p. 5.) 

t. Ad Vitellionem Paralipomena, p. 365. § Ibid., p. 305. 

11 For an account, by Dr. Bevis, of an occultation of Mercury by Venus, on May 17, 
1737, see the PJiilosophical Transactions for 1737, p. 394. On this occasion, the inte¬ 
resting phenomenon alluded to by Kepler does not seem to have heen remarked by any 
observer. 
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CHAPTER XVIII. 

Eariy Methods of observing the Celestial Bodies-Instruments of the Greek As. 

Observation first einployed by the Astronomers of 
® .^exandnan School.—Improvements effected by Hipparchus—Ptolemy substitutes 
_ ,f, j ^™P Circle.—Arabian Astronomers.^—The Method by 

•which they indicated the Time of an Observation.—Revival of Practical Astronomy in 
Europe.—Labours of Waltherus.—Tycho Brahd.—Landgrave of Hesse.—Hevelius.— 
V ^choriic School of Observation.—Observatory of Copenhagen estab- 

lished. The Pendulum appl^d to clocks by Huyghens.—The Royal Society of 
ondon, and the Academy of Sciences of Paris, established.—Invention of the Micros 

™ Application of the Telescope to divided instruments_Observatories of Paris 

an Greenrmh established. Labours of Roemer.—Transit Instrument invented.— 
®Ij^strunmnts for taking Altitudes introduced. — Labours of Plam- 
ed ^nd Halley. Royal Observatory of Paris.'—Commencement of the era of 
accurate observation. — Bradley.—Lacaille.-Mayer.—Maskelyne.—Pond---Airy.— 

Keduction of Planetary and Lunar Observations. — Present state of Practical As- 
tronomy, 

history of astronomy does not exhibit a more interesting picture 
tJaam that ■which represents the progress of the art of observation, from the 
rude essays of early ages to the refinement and precision which cha¬ 
racterise Its present state of advancement. The Chaldeans, to whom the 
origin o astronomy is usually ascribed, do not seem to have at'tained any 
exceiience in tins important department of the science. Their observa¬ 
tions 01 eclipses of the moon, as cited by Ptolemy in the Syntaxis, are as 
rude as can possibly be imagined. The time is expressed only in hours, 
a'qd he quantity eclipsed in terms of the half and quarter of the moon’s 
ciameter. Herodotus states that the Greeks "were indebted to the Taby- 
lonians lor the pole, the gnomon, and the division of the day into twelve 
henrs. ihe^ pole seems to have been a concave hemispherical sun-dial, 
having a vertical style in the centre, by means of which the interval in¬ 
cluded between sunnse and sunset, for each day tbronghout the year, was 
divided into twelve equal parts. The constructioii of such an instrument 
does.not require any acquaintance with the principles of trigonometry or 
la ’ It meiely implies a knovvledge of the uniforin motion of the 
ee es la spheie. The gnomon, besides being an imperfect instrument for 

application. It is probable that, 
m succeeded in obtaining an apiu'oximation to 

the length of the solar year, but there is not the smallest reason to sup¬ 
pose that they employed it in determining any other of the fundamental 

Indeed, they do not seem to have made observations 
at all for the pmpo^ of forming materials to serve as the groundwork of 
future reasoning. They simply contented themselves with noting the 
more remarkable phenomena as they occurred, and hence deducing a few 
rough conclusions of a general nature. It is manifest that so long as 

Sg^^tSe of°“otion. it “uld not attain a 

n ° Preoccupied with the idea of 

SSSof tire mere force of abstract 

obs^a-feis to the prosecution of astronomical 

Chaldean tlrat by comparing together tlie 

some of theCrlvr extending over a Jong succession of ages, 

o he Greek mathematicians ascertained tvith con- 
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siderabl© accuracy several periods relating to tlie motion of tlie moon. Tlie 
earliest astronomical observation recorded as having been made by the 
Greeks previous to the establishment of the Alexandrian School, is a deter¬ 
mination of the summer solstice by Meton, in the year 480 a.o. The 
instrument, termed a heliometer^ which was used by JVIeton on this oc¬ 
casion, was, in all probability, no other than a modification of the gnomon. 
The date of this solstice has been chosen for the epoch of the Metonic 
cycle of nineteen years, which is employed in regulating the occurrence of 
religious festivals. 

A new era commenced in the history of astronomical observation when 
Alexandria became the capital of the civilised world. Under the liberal 
patronage of the Ptolemies a magnificent building was erected, in which 
were deposited circular instruments for determining the positions of the 
heavenly bodies, and every facility was given to astronomers for prosecuting 
a continuous series of observations. Timocharis and Aristillus are the 
earliest individuals mentioned in connexion with this school. These astro¬ 
nomers appear to have flourished about the year 300 a.o. Ptolemy cites 
several of their observations in the Syntaxis. Among these are the de¬ 
clinations of a few of the principal stars. It is evident that such results 
could not be established without a knowledge of the position of the 
equator in the celestial sphere. It does not ai)pear that the earlier astro¬ 
nomers of the Alexandrian School were acquainted with any method for 
determining the right ascensions of the stars. At any rate Ptolemy does 
not cite any ohseiwations of this kind as having been made by them. Indeed, 
there are no grounds for supposing that they knew the exact position of 
the equinoctial colure upon which the right ascension of a star depends. 
It is a remarkable fact, however, that Hipparchus was enal)led l)y means 
of certain eclipses of tlie moon, observed by Tiniocliaris, to determine the 
place occupied by the equinox among the stars in the days of that astro¬ 
nomer. Tims, Ptolemy states that .11 ippsirclius huA'ing compared several 
eclipses of tlie moon, observed very at'curalcly by biiuscill', wit.ii other move 
ancient eclipses, observed by Timocharis, found tha t while the hright star, 
Spica Virginia, preceded the Auiniimal equinox K ' in the lime of tho last- 
nieiitioned astronoratu’, it preeoded the same equinox only ti" in liis own 
time No accoiiiit’whatever is given of the process by W'hich these 
interesting results were arrived at. 

* Syntaxis, lib. vii., cap. ii. With respect to the mode in which Hipparchus determined 
the place of the equinox by means of his own observations of eclfpses of the moon, it was 
doubtless the same as that which will be presently alluded to in the text. But it is diffi¬ 
cult to imaj?ine by what, process ho was cuahled to detlucc a similar result from the obser¬ 
vations of Timoeliaris, since there arc no p^rounds for snpposinjp <l>at the latter astronomer 
possessed an inlrument for measuring tlie ditlerence of the right ascensions of two 
<*elestial bodies- It is probable tliat if a bright star happontitl to bo very near the moon at 
the time of an eclipse, its position in the direction of the zodiac with respect to that body 
was roughly determined with tlie instrument employed in measuring the declinations of 
the stars, and the result recorded as part of the observation of tho etdipse. It is not. 
difficult to conceive that an instrument composed of a circle fixed in the plane 
of the equator, and another circle of equal magnitude moveable about its poles, 
might serve for the approximate measurement of the difierence of the riglit ascensions of 
two eelestial bodies situate very near the equator. The earlier astrotioiners of the Alex¬ 
andrian School, in all probability, did not contemplate any definite object in noting tbe po¬ 
sitions of the stars in the vicinity of the moon during the eclipses of that body. Indeed, 
it would have been impossible to deduce the place of the equinox among tlie stars from 
such results, even if they had been accurately determined with the astrolabe; for the 
place of the moon, with respect to the equinox, could not have been ascertained without 
solar tables; but there is not the smallest reason to suppose, that astronomers w'crc ac- 

!<’ F 2 
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"We owe to Eratostlieaes, anotlier of the astronomers wlio observed at 
Alexandria, the earliest determination of one of the most importari't 
elements of astronomical science. This astronomer is said to have mea¬ 
sured the distance between the tropics, and to have found it to be eq_u^ 
to -^-1-parts of the circumference of the circle. This gives 23° 51'19 
for the obliquity of the ecliptic—a result which, exhibits a remarkable agree¬ 
ment with that assigned by the theory of gravitation, as the trne value oi 
the element, in the age of Eratosthenes. 

It is manifest that neither the distances of the stars from the equator, 
nor the obliquity of the ecliptic, could have heeu determined even roughly 
without the use of instruments. The information which^ Ptolemy has 
supplied upon this subject is exceedingly scanty. In treating of the ol>- 
liquity of the ecliptic, he describes an instrument for determining 
meridional altitude of the sun. It was composed of two concentric circles, 
placed exactly in the plane of the meridian, one of which revolved witliiu 
the other about their common centre. The inner circle carried two sm^I 
prisms attached to the opposite extremities of a diameter, and when tne 
sun was on the meridian, it was turned round until the shadow of tine 
upper prism fell exactly upon the lower one. An index, affixed to 
latter, then marked upon the graduated limb of the outer circle tire 
meridional altitude of the sun It was, in all probability, by means oi 
an instrument of this construction that Eratosthenes determined tlie 
altitude of the sun at each of the solstices, and hence deduced the distance 
between the tropics, the half of which distance gives the obliquity of tlie 
ecliptic. 

Prom the observed altitudes of the sunat the summer and winter solstices, 
it was easy to infer the position of the equator in the celestial sphere. 
order to ascertain the passage of the sun through the equinox, a circular ring 
of metal was disposed in tlill' plane of the equator, and the shadow of 
upper half was watched until it fell npon the inner or concave surface of 
. the lower half. As the shadow did not cover the entire breadth of tlie 
surface on which it fell, it is manifest that the instant when the surface was 
equally illuminated on each side of the shadow, indicated the presence^ of 
the sun in the plane of the equator. Ptolemy cites a passage from Tlip)- 
parchus, in which that astronomer refers to two circles of this description 
that were used at Alexandiia for observing the passage of the sun througli 
the equinoxes. They were constructed of copper, and were placed in the 
square portico of the Museum -f-. 

Ptolemy has given no account of the instrument by means of wliicli 
tbe earlier astronomers determined the distances of the stars froixi 
the equator. It in all probability resembled, in princi]ple, the astrola-h© 
which Hipparchus employed at a subsequent peidocl in observing the stares, 
only it was more simple in construction, since the use of it was confin ed. 
to one measurement relative to eacb star. In fact, if we suppose a circle 
to be placed iu tbe plane of the equator, and another circle of equal m£tg- 
nitude to be movable around its poles, the distance of each star from tlio 
equator would be ascertained by turning the latter' circle round until tlio 
star appeared in its plane, and then noting the place of the star on its 
divided limb. 

"Whatever credit may he due to the earlier astronomers of the Alexi- 

quainted with any method of reducing the motion of the sun to calculation until Hippar¬ 
chus Undertook his researches on the subject. 

* Spataxis;, lib. i., cap. x. Ibid., lib. iii., cap. ii. 
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aiiclrian. School for the sound principles of observation which they appear 
to have practised, as well as for the care with which they determined some 
elements of fundamental importance, it is to Hipparchus alone that the 
establishment of astronomy, as a science of calculation based upon ob¬ 
served facts, is to be attributed. The mode in which he availed himself 
of the results of observation, in the execution of this great work, is in the 
highest degree interesting. One of the most important elements of astro¬ 
nomical science is the length of the tropical year. Hitherto it had been 
supposed to consist exactly of 365^ days. Hippai'chus, however, having 
compared a solstice observed by himself with one observed by Aristarchus 
147 years earlier, found that the sun arrived in the same place 12 hours 
sooner than he ought to have done, if the year had consisted exactly of 
365|- days. He, therefore, concluded that the true length of the year was 
less than this quantity by ^^-gth part, and consequently he determined it 
to be equal to 365^ 55”“ IS®. This is the earliest example, in the 

history of astronomy, of the cor^'ection of a fundamental fact of the sci¬ 
ence by the comparison of two distant observations. The result obtained 
by Hipparchus on this occasion exceeds the true length of the tropical 
year by about six minutes ; but the magnitude of the error is not to be 
wondered at, when the difficulty of determining the exact instant of the 
solstice is taken into account*. 

Another beautiful example of the simplicity of the means employed by 
Hipparchus in establishing the basis of his theories, is exhibited in his re¬ 
searches on the elements of the solar orbit. Having found that an interval 
of 94^ 13^^ elapsed between the vernal equinox and the summer solstice, 
while only 93^ 13ii were included between the summer solstice and the 
autumnal equinox, he from these two facts deduced the eccentricity of the 
solar orbit, and also the place of the apogee. His mode of deriving the 
analogous elements of the lunar orbit frorh three observed eclipses of 
the moon, is also equally worthy of admiration. 

This illustrious astronomer did not content himself with merely ob¬ 
serving the moon on those occasions during which she was eclipsed, and 
determining her place in the heavens by means of the sun, which was then 
opposite to her. He also observed her position in other parts of her 
orbit by means of the astrolabe, an instrument of which he is supposed, 
with great probability, to have been tlie original inventor •]■. Ptolemy 

* The equinoxes admit of more accurate determination than the solstices, but there 
were no early observations of this kind accessible to Hipparchus. He did not fail, how¬ 
ever, to observe several equinoxes with great care, in order that the results might serve as 
useful "matei'ials, at some future period, for the advancement of astronomical science. Pto¬ 
lemy, coming 160 years after Hipparchus, might have deduced a further correction to the 
length of the tropical year, but he has sadly damaged his reputation^ as an observer by his 
researches on this subject. Lalande, however, by comparing 9 equinoxes determined by 
Hipparchus, with the observations of modern astronomers, has obtained, SOS'* 48'” 48® 
for the length of the tropical year; a result which does not perhaps ditfer one second from 
the true value. Jicad. des Sciences, 1782, p. 249.) 

■j- Certain passages in the works of Pliny and several other ancient writers, concur 
in supporting this assertion. But, indeed, apart from all positive statements, there is a 
strong presumption that Hipparchus was the inventor of the astrolabe, since it is almost 
impossible to conceive that it could be of any service to astronomy previous to his time. 
Thus, one of the objects of the astrolabe was to determine the longitude of the moon 
relative to the sun in different parts of her orbit; but no such observations w'cre made by 
the earlier astronomers, since they were unacquainted with any theory of the moon’s 
motion, and therefore had no obvious motive for observing that body except in eclipses- 
Another object of the astrolabe was to determine the difference of the right ascensions 
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has given, a description of the astrolabe in tlie beginning of the fiftli 
book of the Syntaxis. It was used for the purpose of determining the 
latitude of a celestial body, and its longitude relative to another body, 
with which it was compared, whose absolute longitude was known. Two 
eijunl circles, whose planes were perpendicular to each other, were firmly 
fastened together, and were so disposed that the one represented the 
celestial ecliptic, and the other the solstitial colure. At the points of the 
solstitial circle, corresponding to the poles of the ecliptic, there were 
placed two cylinders, which projected both within and without the circle. 
To the outer cylinders was adapted a movable circle of latitnde, the in¬ 
terior of which coincided exactly with the exterior of the solstitial circle. 

A similarly movable circle was adapted to the inner cylinders, which was 
so constructed as to be embraced exactly by the concave surface of the 
solstitial circle. The whole machine was made to turn round the two 
points ill the solstitial colure corresponding to the poles of the equator, 
and its position was adjusted by directing the axis of revolution to the 
poles of the celestial equator. 

"When it was required to determine the position of a celestial body 
with this instrument, by means of another body whose position had been, 
already ascertained, the exterior circle was made to revolve until the latter 
body appeared in its plane, and the interior circle was similarly directed 
to the body whose position was to be found. The distance between these 
two circles, measured upon the ecliptic, then gave the difference of the 
longitudes of the two bodies, and the distance of the second body from 
the ecliptic, measured upon the interior circle, gave its latitude^- ^ 

The astrolabe thus constructed served to determine the position of a 
celestial body by means of its longitude and latitude. It is manifest that, 
by placing a circle in the plane of the equator, the same object might be 
accomplished with still greater facility by observing the right ascension 
and declination of the body Hipparchus must have used the astrolabe in 
this form in the early part of his career, since it is by means of their right 
ascensions and declinations that he originally indicated the places of the 
stars. He was doubtless induced to abandon this practice upon his 
discovery of the precession of the equinoxes, since an obvious advantage 
then appeat'ed to result from the designation of the place of a star by its 
longitude and latitude. 

It does not aj^pear that 'regulitr observations of the moon were made by 
any astronomer previous to Hipparchus. Tlie earlier observers confined 
themselves to notices of eclipses and occultations, and it was by an exami¬ 
nation of records of the former class of phenomena, extending over a long 
succession of ages, that the G-reek mathematicians arrived at those secular 
periods relative to the moon’s mean motion, which Ptolemy has alluded to 
in the Syntaxis. Hipparchus also, as has been already mentioned, de¬ 
duced the elements of the lunar orbit from observations of eclipses, and 
so long as he confined his researches on the moon’s motion to her syzygees, 

or longitudes of two stars. Such observations would have been of no value unless it bad 
been possible, in each case, to ascertain also the absolute place of either of the stars with re¬ 
spect to the equinox. This, however, could not be etfeeted without the use of solar tables 
(at least according to any method known in ancient times), and such wei’e not available to 
the earlier astronomers of the Alexandrian School, since Hipparchus was the first who 
established the theory of the sun’s apparent motion. 

The plac» of the star upon the interior circle of latitude was determined by means 
of a smaller conefenttio drele revolving in the same plane, which was furnished with two 
^|jrojectiQg chanaetriCally opposite to each other* 



HISTOBX OB’ PHYSIGAIi ASTBONOMY. 


he found a satisfactory agreement between the results of theory and those 
of observation. But when he was enabled by means of the astrolabe to 
observe the position of the moon in other parts of her orbit, and more 
especially in the quadratures, he detected a series of discordances between 
her actual and computed places, which seemed irreconcilable with the 
theory of her motion as established by himi The true explanation of 
these anomalies was reserved for Ptolemy; but it must be borne in mind 
that Hipparchus first detected their existence, and that he also executed 
a great number of the observations which served as the basis of Ptolemy’s 
researches on the subject*'. 

Hipparchus did not fail to make numerous observations of the planets* 
which at a subsequent period formed precious materials to Ptolemy in 
establishing the theory of their movements. But the most remarkable 
result which crowned the labours of this great astronomer, was his dis^ 
covery of the precession of the equinoxes. It was doubtless with the 
view of enabling posterity to arrive at a more accurate knowledge of this 
singular phenomenon, that he conceived the grand design of determining 
the positions of all the stars visible in the firmament, so as to give a 
faithful representation of the celestial sphere as it appeared in his time. 
It was necessary for this purpose to determine the exact place of either 
of the equinoxes among the stars, hut a serious obstacle stood in the w’ay 
of effecting this object. The position of the equinox in the celestial 
sphere is determined by the passage of the sun across the equinoctial 
circle; but when the sun is above the horizon there are no stars visible 
whose position might be determined with respect to him, and when the 
stars have become suitable objects for observation, the sun has already 
disappeared. This seems to have formed an insuperable impediment to 
the earlier astronomers in their endeavours to ascertain the absolute right 
ascension or longitude of a star. Hipparchus devised two distinct modes 
of obviating this difficulty. One of these was by observations made 
during eclipses of the moon. Since the angular distance between the 
sun and moon is exactly 180'^ on all such occasions, it follows that the 
place of the moon during an eclipse is directly deducible from that of 
the sun; and as the place of the sun with respect to the equinox is known 
by the solar tables, the place of the moon with respect to the equinox 
hence becomes known also. It is clear, then, that if the difference of the 
longitudes or the right ascensions of the moon and a stdr h© determined 
• with the astrolabe during the occurrence of a lunar eclipse, the absolute 
position of the star with respect to the equinox may hence be ascertained f. 

* It is a curious fact that the inequality here referred to, termed the evection, confounds 
itself in syzygees with the elliptic inequality or the equation of the centre. Hence it hap¬ 
pened that observations confined exclusively to eclipses failed to indicate its existence. 
Ptolemy, in his preliminary exposition of the inequality, cites two observations, one by- 
Hipparchus and the other by himself, both made vt^hen the moon was in the second quadra¬ 
ture. q’he observation of Hipparchus is of so exceptional a nature, that it is impossible 
not to conclude that it was taken from a great mass of observations, although Ptolemy 
himself is silent upon this point. In the first place the apsides were in syzygees; secondly, 
the moon was in quadratures; thirdly, she -was in the nonagesimal, or that point in her 
diurnal course at which the effect of her parallax took place wholly in latitude. ( Syntaxis, 
lib. V., cap. iii.) With the view of confii-ming his explanation of the inequality, Ptolemy 
subsequently cites two additional observations of the moon, both of which are in this case 
by Hipparchus. (lib. v., cap. v.) 

-i* If an eclipse of the moon happened when the sun was in either of the equinoxes, 
the moon would necessarily be in the opposite equinox, and hence the position of the 
latter point among the stars might be ascertained without the use of solar tables, by 
simply measuring the distance, in right ascension, of the moon from any of the neighbour- 
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This method, however ingenious, laboured under the disadvantage of 
being practicable only on rare occasions. The other method contrived 
by Hipparchus for attaining the same end was more general in its appli¬ 
cation. When the sun was still above the horizon, he determined the 
difference of the longitudes of the sun and moon with the astrolabe, and 
as soon as the star became visible after sunset, he ascertained, in a similar 
manner, the difference of the longitudes of the moon and star. It is clear 
that from these two observations he obtained the difference of the longi¬ 
tudes of the sun and star, taking into account the correction due for the 
motion of the moon during the intermediate interval; and as the place of 
the sun with respect to the equinox was known by the solar tables, lie 
hence deduced the absolute longitude of the star. When the longitude 
of one star was accurately found by this process, the longitude of any 
other star might be directly derived from it by simultaneous observations 
of both stars with the astrolabe. It was thus that the genius of Hippar¬ 
chus triumphed over a difficulty which long appeared to be insurmount¬ 
able, and thereby enabled him to effect with complete success one of the 
most stupendous undertakings recorded in the annals of science. 

Ptolemy, although the most eminent astronomer of antiquity, after 
Hipparchus, does not rank high as an observer. It has been already 
mentioned that his catalogue of the stars has been strongly suspected to 
be no other than the catalogue of Hipparchus, reduced to his own time by 
the application to all the longitudes, of what he conceived to be the true 
quantity of the alteration occasioned by the precession of the equinoxes. 
An examination of his labours on other subjects of asti'onomy tends to 
confirm this impression. He nowhere enters into that minuteness of 
description which indicates a bond fide observer anxious to persuade his 
readers of the excellent qualities of his instruments, and of the precautions 
which he employed to ensure the accuracy of his results. But what is 
most to be deplored is his suppression of all the ancient observations, 
including those of Hipparchus, with the exception of the few which 
squared with his own calculations. The loss of these precious materials 
has involved many interesting points of the ancient astronomy in impene¬ 
trable obscurity. 

An account has been given of the circular instrument employed by the 
ancient astronomers in determining the meridional altitude of the sun. 
Ptolemy rejected the complete circle, adopting in its stead a quadrant, 
which he considei'ed to be preferable. The verticality of the instrument 
was established hy means of the plumb-line. A small cylinder fixed at the 
centre threw its shadow upon a similar body which moved along the divided 
limb, and thereby indicated the altitude of the sun *. The Greek astro¬ 
nomers appear to have divided their instruments only to every ten minutes. 
It is remai'kable that Ptolemy does not describe any method for placing 
Ms instruments in the plane of the meridian. 

Ptolemy’s substitution of the quadrant for the complete circle was a 


rag stars. Even if the eclipse occurred afow days before or after the equinox, the place 
of the sun, and consequently that of the moon, might still be determined within the limits 
of the errors of the ancient observations, by supposing the sun to revolve uniformly round 
the earth in 365^ days. It is possible that Timocharis may have found in this'manner 
that the star Spica Virginis preceded the autumnal equinox 8^ in his time, but it is 
more probable that Hipparchus, who cited this fact as a proof of the precession of the 
eqmnooti^ points, was in reality the individual who first established its existence by a dis- 
^^ron of the eclipses of the moon observed by Timocharis, and the use of his own solar 

* Syntaxb, lib i, 
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retrograde step in practical astronomy. This circumstance, however, 
was generally overlooked by all his successors down to the time of Roemer, 
who has the merit of being the first to restore the use of the circle in 
astronomical observations. Indeed, it is only in our own day that the 
quadrant has been definitively abandoned by astronomers as an essentially 
imperfect instrument for determining the apparent positions of the celes¬ 
tial bodies. 

Although Ptolemy does not seem to have been an observer of the first 
order, he possesses many claims to the admiration of posterity. Abundant 
proofs of his sagacity are to be found in his great work, the Mathematica 
Syntaxis, but his discovery of the inequality in the moon’s longitude, termed 
the evection, by a comparison of his own observations and those of Hip¬ 
parchus with the computed places of the moon, would alone entitle Mm 
to be ranked with the greatest astronomers of ancient or modern times. 

Very little is known respecting the mode in which time was measured 
by the ancient astronomers. In the daytime this object seems to have 
been effected by means of dials. During the absence of the sun they 
used clepsydras of various sorts, but all such contrivances were found to 
be very imperfect, on account of the unequal flow of the wuter. ^ In some 
instances the time of an observation was indicated by the point of the 
zodiac which was on the meridian. This method, when practicable, was 
doubtless preferable to any other with which the ancient astronomers were 
acquainted. 

The Arabian astronomers do not seem to have effected any essential im¬ 
provement in the methods of observation. Their instruments, however, 
were generally larger and better constructed than those of the G-reek astro¬ 
nomers, and they appear to have taken greater precaution to ensure the 
accuracy of their results. The astrolabe, as used by them, was, in some 
instances, a complicated instrument, since it carried circles representing 
the equator, the ecliptic, and the other principal circles of the celestial 
sphere. In this form it acquired the appellation of an armillary sphere. 
Instruments of a similar construction continued to be used in making 
observations of the celestial bodies down to the beginning of the seven¬ 
teenth century. „ , . 

The Arabians usually indicated the time of an observation by means 
of the apparent altitude of a star whose position w'as known. It has 
been mentioned that Ptolemy has given no account of the method he 
employed in tracing a meridian line. The Arabian astronomers effected 
this object by equal altitudes of the sun when he was east and west of the 
meridian®. It does not appear that they took into account the eff’ect of 
the motion of the sun during the interval included between the two ob- 
S 0 VBjIjIO u s 

’ upon the revival of science in Europe towards the close of the fifteenth 
century the cultivation of astronomy was for some time confined almost 
exclusively to Germany. Waltherus, a native of Nuremburg, to .whom 
we have already had occasion to allude, may be considered the earliest 
individual of modern times whose observations have contributed to the 
advancement of astronomical science. He first introduced the practice of 
determining the apparent place of a planet by observations of its altitude, 
and its distance from two stars whose places had been already ascertained. 




• Delambre, Hist. Ast. Moyen Age, p. 129. The astronomers of India appear also 
to have practised this method by tracing upon the sand a circle around the foot of the 
gnomon. 
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He is also the first astroiioroer who •used clocks moved by weights for the 
purpose of measuring time. These pieces of mechanism, -were introduced 
originally from eastern countries. Pacificus, Archdeacon of Verona, who 
flourished in the ninth century, was the first European who constructed a 
clock with wheels. Others were soon fabricated in different countries of 
Europe, but they were used only in the public edifices of great cities 
before Waltherus applied them to the purposes of astronomy. 

In consequence of the observations of Waltherus being the earliest of 
modern times, they were continually used at a subsequent period in recti¬ 
fying the elements of astronomical science by comparing them with similar 
determinations of a more recent date. Lacaille has employed them for 
this purpose in his researches on the solar theory. This is probably the 
last important occasion on which the observations of Waltherus will he 
consulted. In the present day it is found that the modern observations 
more than compensate by their superior accuracy for the shortness of the 
time that has elapsed since they were made. 

Copernicus, about the middle of the sixteenth century, had restored the 
true system of the world, but the epicyclical fabric still remained almost 
in its original state. To Tycho Brahe is due the immortal honour of 
having executed the series of observations which led to the discovery of 
the real nature of the planetary movements. This illustrious individual 
expended his whole private fortune, amounting to a hundred thousand 
crowns, upon objects connected with the improvement of practical astro¬ 
nomy. His collection of instruments was one of the most magnificent 
which the world has ever seen, Waltherus, and the earlier astronomers 
of modern Europe, possessed only wooden appliances for observing the 
positions of the celestial bodies. The instruments of Tycho Brahe were 
mainly constructed of metal. They were also larger and more accurately 
divided than any that had been hitherto applied to the purposes of astro- 
nqmical observation. The ancient astronomers appear to have divided 
their instruments only to every ten minutes. Some of Tycho Brahe’s 
were actually divided to every minute; and by employing the method of 
transversals, which came into use iu his time, they were, in some instances, 
subdivided to every ten seconds 

Hot only were Tycho Brahe’s instruments vastly superior to those 
hitherto used by astronomers, but his methods of observation wore also 
such as to assure a greater degree of precision to the final results than 
had been hitherto attained. By taking into account the effect of refraction, 
he avoided, to a great extent, a source of error wdiich had vitiated the 
observations of all preceding astronomers. His method of determining 
the absolute right ascensions of the stars was also a vast improvement 

It may be remarked, however, that in his actual observations Tycho Brahe by no meanat 
attained the degree of precision contemplated in the construction of some of his instru¬ 
ments; for even although the divisions of the limb had been faultless in any case, the 
advantage of the insti'ument in this respect would have been vitiated by the error com¬ 
mitted in the pointing of it to any celestial body, an error which it was impossible to avoid 
so long as observations were made with plain sights. With respect to the method of trans¬ 
versals, or, as it is more commonly termed in England, the diagonal scale, Tycho Brahe 
mentions (^Proggmnasmatu, p. 671, edit. 1610) that he first became acquainted with it 
when, he was a student at the university of Lelpsic, having obtained a description of it 
frOTn one of the professors named Homelius, but that he is ignorant of the real author of 
the invention. Thomas Digges (.d/iE sm Scalce IMathematicce, Capif.ulu7}i I^onum,- JLon- 
dint, ’IS'IS) asserts that it was invented by Richard Chanzler, an English artist famous for 
is skill in the chtistmetaou of mathematical instruments, and that it had been long well 
lownin England, 



HISTOBY OF PHXSIOAIi ASTBONOMY. 


over that employed hy the ancient astronomers. It has been already 
mentioned that Hipparchus determined the places of the stars with respect 
to the equinox, by using the moon as an intermediate object of observation 
between the sun and the stars. This method, however, was very imper¬ 
fect, on account of the rapid motion of the moon and the uncertainty that 
prevailed respecting the exact value of her parallax* Some of Tycho 
Brahe’s contemporaries, among others the Landgrave of Hesse Oassel, 
sought to determine the absolute place of a star by means of its assimuth 
and altitude, combined with the time of observation. A serious objection 
to this method consisted in the difficulty of measuring time with suf¬ 
ficient accuracy. Notwithstanding all the efforts of Tycho Brahii and 
the Landgrave, they were unable to procure clocks that could be relied upon 
for such a purpose. Tycho has not failed to enumerate the various sources 
of their irregularity. They were perpetually liable to be affected by 
changes of temperature and currents of air, even although the precaution 
was used of keeping them in heated apartments. Again, it was found 
impossible to construct the teeth of wheels with such regularity as to 
ensure a perfectly uniform motion; and hence, even although the daily . 
times of restitution of such clocks should appear equal, by comparing them 
either with the sun or the stars, they would fail to indicate the interme¬ 
diate intervals of time with the same regularity. Finally, the heavy body 
which occasioned the motion did not act uniformly during its descent, for 
when it was in the lower part of its course, the weight of the cord by which 
it was attached tended in some degree to increase its efficacy, however 
slender the cord might be ; and the smallest irregularity could not be 
overlooked, since an error of four seconds in time was equivalent to one 
of a minute in space 

While pondering on the difficulties of this subject, the happy idea 
occurred to Tycho Brahe of substituting Venus for the moon, as the inter¬ 
mediate object of observation between the sun and the stars. This planet 
has a much slower motion than the moon, and at the same time has a 
smaller parallax. It is therefore obviously better adapted than that body 
for ascertaining an elenrent of fundamental importance, such as the abso¬ 
lute right ascension of a star. Before sunset he made simultaneous obser¬ 
vations on the sun and the planet, and when the sun disappeared he made 
similar observations on the planet and the star. In this manner he deter¬ 
mined the absolute right ascensions of several of the most brilliant stars, 
and by means of them he easily obtained the right ascensions of all the 
others i-. It is worthy of remark that Waltherus had already employed 
Venus for a similar purpose, but this circumstance seems to have totally 
escaped the notice of Tycho. 

Allusion has been made to the mode of determining the position of a 
star by means of its altitude and azimuth combined with the time of obser¬ 
vation. This method seems to have been practised by the Landgrave of 
Hesse Cassel, on the occasion of his observations of the new star which 
appeared in the constellation of Cassiopeia, in the year 1573. Tycho, in 
his work on the same star, has given the observations of the prince rela¬ 
tive to its apparent place in the heavens, extending from Dec. 3, 1573, 
till March 14, 15731. These appear to be the earliest observations in 
which the element of time was employed in determining the right ascen¬ 
sion of a star. 




Progymnasmata, p. 149. 


t Ibid., p. 491. 




Ibid., p. 152. 
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It appears from the work of Tycho Brahe, above cited, that Thaddens 
Hagecius, another contemporary astronomer who wrote upon the new 
star, advanced a step further than the Landgrave; for he shewed that both 
the declination and right ascension of a star might be determined by 
observing its altitude on the meridian, and noting the time of observation. 
Tycho has given, as an example of this method, ITagecius’s determination 
of the place of the new star. He takes occasion, at the same time, to point 
out the various defects of the method, and it must be admitted that, in the 
existing state of practical astronomy, his objections were not without weight. 
If the time was to be indicated by clocks, it would be impossible, he re¬ 
marked, to avoid errors of serious magnitude, as he had already shewn on 
a former occasion. If the observed altitude of a star was employed for 
that purpose, the chance of error would be equally great, for neither could 
the absolute place of the star be ascertained beforehand with sufficient 
precision, nor could its altitude, corresponding to each observation, be 
satisfactorily determined. Moreover, when a star is approaching the 
naeridian, its altitude increases very slowly, so that it is exceedingly dif¬ 
ficult to assign the precise instant when it is actually upon the meridian. 
This source of error might bo avoided by observing the star near the 
horizon, where it rises with great rapidity; but, on the other hand, the 
uncertain effect of refraction at low altitudes would tend to vitiate the 
observation 

Tycho Brahe, for the above reasons, did not deem it safe to employ the 
element of time in determining the apparent place of a celestial body. 
In fact, the observations of the Landgrave on the new star, to which 
allusion has already been made, supplied him Avitli a practical proof of 
the justness of his views on this subject. In each of these observations 
the altitude, the azimuth, and the time Avere different; but as the posi¬ 
tion of the star in the celestial sphere was found to be invariable, it 
followed, as a necessary consequence, that each combination of these three 
data ought to assign to the star the same values of decimation and right 
ascension. Tycho calculated these elements by means of the Landgrave’s 
observations; but he found that although the declinations exhibited a 
pretty satisfactory agreement with each other, the right ascensions dif¬ 
fered, in some instances, to the extent of 2° of space d. This may not be 
an improper j)lace for a few words on the construction of the clocks of 
those days. They consisted essentially of a voi’tical wheel, which was 
made to revolve with a slow motion by the gradual descent of a weight. 
The balance was a happy contrivance, devised for the purpose of con¬ 
stantly checking by its inertia, the descent of the weight, and thereby 
rendering the motion of the wheel more uniform. It consisted of a cross¬ 
bar, with two weights at its extremities, capable of turning freely in a 
horizontal direction, upon a vertical axis, which was connected with the 
wheel by means of two pallets. The distance between the pallets was 
equal to the diameter of the wheel, and they were so disposed on tlio 
vertical axis as to engage alternately the highest and lowest tooth of the 
wheel. When the highest tooth engaged the upper pallet, the balance 
was pushed round, and its resistance checked the descent of the weight. 
As soon as this pallet became freed from the wheel, the lowest tooth 
engaged the other pallet, and the balance was then pushed in the oppo¬ 
site direction. This alternate movement of the balance continually 

* Progymnasmata, p. 523. f Ibid., p. 502. 
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restrained the descent of the weight, and thereby prevented the 
acceleration of the motion of the wheel, which would otherwise have 
necessarily ensued. Clocks upon this principle continued to be fabricated 
down to the middle of the seventeenth century; but, notwithstanding all 
the attention and skill bestowed on their construction, they could not be 
relied upon for the delicate purposes of astronomy. 

Although Tycho Brahe generally disapproved of employing the element 
of time in determining the apparent position of a celestial body, he 
adopted the practice in one oi' two instances, which it may not be 
improper to notice. In the first place, he determined the successive 
X^ositions of the comet of 1577, by means of altitude and azimuth obser¬ 
vations. The instrument he used on this occasion was a quadrant 
revolving in azimuth. He possessed several instruments of this con¬ 
struction. The largest had a radius of six feet. It was divided by 
transversals to every quarter of a minute. The azimuth circle had a 
diameter of nine feet. The zero point of division was at the extremity 
of the meridional diameter, the direction of which was determined by 
observing the greatest eastern and western digressions of the pole 
stars. 

Another instrument designed by Tycho Brahe, to be used in connexion 
with the clock, was wliat he termed the 'NLxiral or Tychonic quadrant. It 
was a large quadrant of copper, placed exactly in the plane of the 
meridian against a solid wall, to which it was firmly attached. The radios 
of this instrument was equal to nine feet, and the limb was divided by 
transversals to every 10". Tycho remarks that by determining the alti¬ 
tude of a star with it, and noting the time of observation, the declina¬ 
tion and right ascension of the star may be ascertained. He appears, 
however, to have chiefly used this instrument in making observations of 
the meridional altitude of the sun, for the purpose of rectifying the 
elements of the solar theory-!''. 

The Bandgrave of Hesse Cassel, whom we have had occasion to allude 
to in connexion with Tycho Brahe, was a x>rince no less distinguished by 
his liberal patronage of astronomical science, than by his actual labours 
as an obseiwer of the heavens. Unlike most other sovereigns who have 
affected a disposition to promote the objects of astronomy, he did not 
content himself with a mere dilettante exhibition of his favours towards 
the science, but directly contributed towards its advancement by his 
personal energy and perseverance. It is to be remarked, also, respecting 
this excellent prince, that he maintained at his owui expense some of the 
most eminent mathematicians and astronomers of his time; nor should 
liis kindness towards Tycho Brahe be forgotten in considering his claims 
to the grateful recollection of posterity. 

We shall now briefly allude to the labours of Hevelius, before pro¬ 
ceeding to give some account of the modern improvements in practical 
astronomy. This individual, who was a rich citizen of Dantzic in Prussia, 
commenced his career as an astronomer in 1630 ; and throughout a 
X)eriod of nearly fifty years he continued to labour with indefatigable 
assiduity in making observations of the celestial bodiest. Plis instru- 

* Astrononriias Instauratae Mecaaica, No. 4. 

'I' Hevelius was born in 1611, and died in 1687. Although he observed an eclipse of 
the sun as early as the year 1630, he did not commence bis career of regular observation 
till 1641. One of his most useful assistants was his wife, who was an expert observer, 
and was well skilled in drawing. 
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ments were sirpiilar to tliose of Tycho IBrahe; but they were divided with 
greater precision, and were more easily managed. The application of the 
vernier to the measurement of fractional magnitudes, was an improvement 
of which he did not fail to avail himself. This elegant method of subdi¬ 
vision was invented in the year 1631 by Pierre 'Vernier, a native of 
Tranche Compte^. Hevelius himself devised an ingenious method of 
effecting the same object by means of a tangent screw, working in the 
extremity of the movable radius upon which, the pinnules were placed. 
Knowing the number of revolutions of the screw which were necessary 
to transport the radius over the interval included between any two con¬ 
secutive points of division of the limb, it was hence easy, by counting 
the revolutions and parts of -a revolution of the screw, in moving the 
radius from any point on the limb to the nearest point of division, to 
ascertain the magnitude of the space included between the two points. 
This must be considered as one of the earliest of those mechanical con¬ 
trivances that have been devised for measuring the fractional parts of 
divided instruments, tlevelius, by refusing to employ the telescope in 
his observations, was unable to take due advantage of this ingenious 
method of subdivision; but it was applied with complete success in 
several instances in the following century. 

In 1679 the observatory of Hevelius was totally consumed by fire. 
All his instruments and manuscripts, and, with the exception of a few 
copies, the whole edition of the second part of liis great work, the 
Udachina Ccclestis, comprehending the numerous observations which he 
had made during his long career, unfortunately perished in the flames. 
The aged astronomer bore this calamity with great fortitude; and, instead 
of abandoning himself to despair, he recommenced his labours with 
renewed energy One of the most remarkable of liis works is a 
catalogue of the places of upwards of 1500 stars, which was published a 
few years after his death. The great ability of Hevelius, as an observei’, 
would have rendered this catalogue a valuable record of the state of the 
heavens in his time, if, in making his observations, he bad availed him¬ 
self of telescopic sights, which came into general use during the latter 
part of his career. Unfoi’tuiiatel}^ however, lie persevered to the end of 
his life in rejecting such appliances, adhering to the use of simple pin¬ 
nules, under the impression of tboir affording a more trustworthy indica¬ 
tion of the true direction in which a celestial body appears. 

With the labours of Hevelius closes the ancient scliool of astronomical 
observation. By constructing instruments of very large siy;o, and em¬ 
ploying ingenious methods of subdivision, astronomers had succeeded in 
determining the apparent position of a celestial body within about J''of 
the truth. If the magnitude of the instrument in any instance, how’ever, 
exceeded a certain limit, it obviously became unmanageable ; and besides, 
its' greater tendency to derangement from its own weight more than coun¬ 
terbalanced the advantage gained by enlarging the scale of division. But 

* A Tnethod. sopnewbat similar in principle, but more complicated in practice, bad 
been invented by Nonius, a Portuguese mathematician, about the middle of the six¬ 
teenth century. Tycho Brahe used it in the early part of his career, but he soon aban¬ 
doned it as too troublesome, adopting the method of transversals in its stead. 

"Wbat Hevelius regretted on this occasion more than all his most precious effects 
■were bvs Tesearpbes on the planetary motions, and his notes on the stars, which he had 
bo^n rniteing throughout the long period of his astronomical career. Several years after¬ 
wards he reader, in une of hk works, that the recollection of their loss never 

“ailed to bring tears into bis eyes. 
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apart from tlafiae eoiasideratiQ«i» tJie difi&owlty ©f peimtiwg tjpuly to a qalastial 
body an instrument fumisbed for that purpose mareiy with pinnules, pre¬ 
sented an insuperable obstacle to tbe attainment of a bigb degree of precb 
Sion in tbe aaoertainment of its apparent position, This was a constant 
BQuree of error wbiob tbe astronomer bad to contend witb in all bis 
operations, wbos© vitiating influence was essentially beypnd tbe reach 
either of tbe ingenuity of tbe meobanician or tbe sbill of tbe artist- It 
is to be remarked, however, in favour of the Tyobonic scbool of observa- 
tion, that it served eifectnally to demolish tbe whole of tbe ancient fabric 
of epicycles, and to establish tbe elliptic theory of tbe planets upon an 
incontrovertible basis- This was unquestionably a noble triumph of 
genius and practical skill; but in so far as regards tbe more delicate 
phenomena of tbe celestial regions,_the methods practised in that sobool 
were utterly powerless. Tbe sublime theory of planetary perturbation 
would bave proved a subject of barren research to _ Newton and his 
successors, and those minute movements of the stars, in^ connexion with 
which so many brilliant triumphs have been achieved in recent times, 
would have for ever continued to be involved in impenetrable mystery, 
unless a complete revolution bad been effected in the condition of prac¬ 
tical astronomy as it existed about the middle of the seventeentb*' 

century. ^ 

The establishment of public observatories in several conn tines of 
Europe about the time referred to, could not fail to exercise a direct 
influence of a favourable character upon tbe progress of astronomy in all 
its branches. When it is considered that the various movements of the 
celestial bodies require for their development a series of cycles of time, 
many of which are of long duration, it is manifestly indispensable, in order 
to arrive at an accurate knowledge of tbe laws of their movements, that 
the various bodies should be made tb© objects of continuous observation 
througbout a long succession of ages. But, on tbe other band, it is not 
less obvious that tbe limited resources of private individuals are 
inadequate to a task of such magnitude. Much, indeed, may be effected 
by genius and perseverance, as in tbe case of Hipparchus, and several 
astronomers of modern times ; bnt, generally speaking, it is only by the 
steady application of national resources to tbe observation of the celestial 
bodies, that a series of facts can be established which shall possess suffi¬ 
cient value to form a sure groundwork for the investigation of the laws of 
their movements. The earliest public observatory, and^ indeed the ^ only 
one which history makes mention of as having existed in ancient times, 
wns that which Btolemy Soter established at A.lexandria, and which con¬ 
tinued for many centuries to furnish an asylum to the Greek astronomers 
in the midst of a declining civilisation. The magnificent establishment 
which Erederick TIT., of Denmark, assigned to Tycho Brahe, the 
island of Huena, for the purpose of enabling him to prosecute Ins labours 
more effectually, cannot be called a public obseryatoTy, since it was not 
designed to promote any ulterior object connected with astronomy. But 
indeed, even in so far as Tycho Brahe himself was concerned, it was soon 
apparent, from the disgraceful treatment which he experienced in the 
latter period of his life, that the establishment of Uranibourg was held 
by a very precarious tenqi'e. It would seem, however, that Christian ly., 
under whose minority Tycho Brah6 was compelled to abandon his natne 
country, felt a disposition to make some reparation for his early indif¬ 
ference to tlio cause of science, by the establishment of a public obser- 




448 


HISTOET OF EHYSrCAti ASTEONOMY. 


vatory on a permanent basis. Xiongomontanus, an astronomer of some 
celebrity, wbo had assisted Tycho in his labours at Uranibourg, was chiefly 
instrumental in promoting the views of the monarch. The foundation 
stone of the observatory was laid by Christian IV., on the 7th of July, 
1637, but it does not appear that the building was completely finished 
until the year 1656, during the reign of his successor, Frederick IV. 
The structure was erected in the form of a tower. It was 115 Danish 
feet in height, and 48 feet in diameter. The observations were made in 
an apartment at the top of the tower, which was reached by means of a 
spiral avenue winding gently round the interior of the wall*. We shall 
presently have occasion to allude more particularly to this observatory, 
which must be regarded as the earliest of the numerous public institutions 
for the promotion of practical astronomy that have been established in 
modern times. 

It has been already mentioned that all contrivances for measuring time 
by means of clocks composed of a combination of wheels moved by 
weights, had been found totally inadeq^uate to the delicate purposes of 
astronomy. Another mode of effecting the same object had been devised 
by G-alileo, Having discovered that the oscillations of a pendulum are 
isochronous 1, it occurred to him that a mechanism might be constructed 
upon this principle which would serve to indicate the divisions of time 
with great accuracy; but although he devoted much attention to the real¬ 
isation of this idea, all his efforts to procure a clock that would be practically 
serviceable proved fruitless. In all such contrivances it was found that 
the pendulum, when once set in motion, was soon again brought to a state 
of rest, so that the oscillations could only be maintained by applying to 
the pendulum a succession of impulses at regular intervals. Huyghens 
•eluded this inconvenience, by substituting the pendulum for the balance 
in the ancient clocks, so adapting it, that the isochronism of its oscillations 
regulated the downward motion of the weight. By this admirable con¬ 
trivance he combined the advantages of the two methods above referred 
to, while, at the same time, he eluded their respective defects. The idea 
of so applying the pendulum to the measurement of time first suggested 
itself to him in the year 1656, and in the following year he presented to the 
States General of Holland a clock constructed upon this principle. The 
invention soon spread abroad throughout Europe, and was hailed with uni¬ 
versal applause. Its successful application to the purposes of astronomical 
observation will be noticed presently. 

The establishment of the Royal Society of Dondon, and of the Academy 
of Sciences of Paris, exercised a powerful influence on the progress of 
astronomy, as well as on every branch of physical science. The origin of 
the Royal Society may be traced to the period of the civil wars in the time 
of Charles I., when individuals of a contemplative cast of mind sought 
relief from the prevailing commotion in the calm retreat of scientific dis¬ 
cussion. Dr. Wallis states that, about the year 1645, when academical 
studies were much disturbed at both the universities, several persons 
inquisitive into natural philosophy, and other parts of human learning, did, 

<» 

* 'Horrebow, in bis JBasis AstroTiomicBt states that in 1716 Peter the Great of 
Russia frequently ascended the tower on horseback along this spiral avenue, and that the 
Empress Catherine occasionally ascended at his side in a four-wheeled chariot, drawn by 
six. horses 1 

They are not exactly isochronous, but for small arcs the times of oscillation, may 
be regarded as equal without committing any sensible error. 



HI8TOBY OB’ PHYSICAL ASTBOBOMY. 


449 


by agreement, meet weekly in London on a certain day to treat of such, 
matters. Among the individuals who thus used to assemble together, 
were Wilkins, Goddard, Wallis, and Samuel Foster, Professor of Astro¬ 
nomy in Gresham College. In 1648—9 the attendance at the weekly 
meetings was considerably reduced by the removal of several members to 
Oxford, who established a similar association in that city- The original 
minutes of the Oxford Philosophical Society, dated the 33rd of October, 
1661, are still preserved in the Ashmolean Museum of that city. The 
embryo Society of Loudon still continued to hold its meetings, but it 
seems to have fallen into a very languishing condition until the year 
1660, when the restoration of Charles II., by holding out the prospect of 
future tranquillity, had the effect of infusing renewed vigour into its pro¬ 
ceedings. The earliest official document of the Society is dated ISFovem- 
her 38, 1660. It was finally incorporated by Loyal Charter on the 15th 
of July, 1663. The first President was Lord Brouncker, one of the most • 
eminent mathematicians of the age. Among those members who took an 
active part in promoting the objects of the Society at this period, may he 
mentioned the President Lord Brouncker, Boyle, Wilkins, Wren, and Sir 
Robert Moray. A few years after the establishment of the Royal Society 
upon a permanent basis, a similar association was formed at Paris under 
the designation of the JRoyal Academy of Sciences. The first meeting of 
this celeWated body was held on the 33nd of December, 1666. Some of 
the earlier members were Roberval, Auzout, Picard, and Richer. A few 
years later, it was enriched by the accession of Huyghens, Roemer, and 
Cassini, who were enrolled as members. 

Numerous institutions for promoting the cultivation of science have 
been established in the different countries of Europe at a later period than 
that above referred to; but it is no depreciation of the well-earned repu¬ 
tation of many of them to assert that, at no epoch of tlaeir history b.ave 
they in any instance exercised an influence so unequivocally beneficial as 
that exercised by the Royal Society of London, and the Academy of 
Sciences of Paris, during the early period of their existence- It is to be 
borne in mind that the last-mentioned institutions were founded at a time 
when the inductive philosophy was still engaged in mortal conflict with 
the scholastic system of Aristotle, and when, consequently, an organized 
union of the scattered energies of its adherents could not fail to accelerate 
its final triumph. Practical astronomy participated largely in the advan¬ 
tages derived from these institutions. New improvements, both in the 
construction of instruments and in the methods of observation, were dis¬ 
seminated throughout Europe with a rapidity hitherto unknown, and 
thereby facilitated in a vast degree the attainment of still further excel¬ 
lence. 

The invention of the micrometer was one of the earliest of those im¬ 
provements which in the seventeenth century had the effect of establishing 
the methods of astronomical observation upon a totally new basis. The 
measurement of small angles was found by astronomers, in all ages, to he 
one of the most difficult objects connected with the practice of observation. 
Archimedes, in an attempt to determine the apparent magnitude of the 
sun, was unable to arrive at a result of greater precision than that the 
apparent diameter was greater than 37', and less than 33'. Coming down 
to modern times, we have seen that Tycho Brahe was so misled by his 
measurements of the apparent diameters of the sun and moon, as to come 
to the conclusion that a total eclipse of the sun was impossible. Indeed it is 
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obvious that a mode of accurately determining the variations in tbe ap¬ 
parent diameters of the sun and moon, could not fail to lead to an improve¬ 
ment of the theories of the movements of those bodies. Moreover, the 
invention of the telescope, hy revealing the round figures of the planets, 
rendered it desirable to devise some means of measuring small angles "with 
a degree of precision conformable to the existing condition of theoretical 
astronomy. The invention of the micrometer, hy means of which this 
object was effectually accomplished, is originally due to William Gascoigne, 
a young man who was the friend of Horrocks and Crahtree, and who, like 
them also, was unfortunately cut off hy a premature death in the very 
outset of his career. It will be desirable, however, to give a previous 
account of the successive steps hy which the same admirable invention 
was independently effected on the Continent about twenty years after¬ 
wards. The person who first suggested the idea of the micrometer in the 
latter instance was HuygHens. In his Systema Saturnium, which was 
published in 1659, he remarked that an object placed in the focus of a 
common astronomical telescope, appears as distinct and as well defined as 
the image of a remote body. Hence, in order to determine the apparent 
diameter of a celestial object, he inserted a slip of metal of variable 
breadth at the focus of the telescope, and observed at what part it exactly 
covered the object. Applying, then, a finely-pointed compass to tbe slip of 
metal, he measured its exact breadth, and, knowing the focal length 
of the telescope, he hence deduced the apparent magnitude of the 
object- In this manner he determined the apparent diameters of the 
principal planets. 

The Marquis Maivasia, in his “ Ephemerides,” published at Bologna in 
1663, describes a method of measuring small angles which may be re¬ 
garded as tbe next step in the invention, of the micrometer. At the focus 
of the telescope he placed a net-work of fine silver threads at right angles, 
which formed by their mutual intersection a number of small squares. In 
order to determine the mutual distances of the threads that were parallel to 
each other, he caused a star situate near the equator to traverse a thread 
perpendicular to their common direction, and counted, by the aid of a pen¬ 
dulum clock, the times which it took to pass over the successive intervals’*^ . 

The micrometer of Malvasia was a decided improvement of that of 
Huyghens. The distances between the threads, when once accurately de¬ 
termined, would serve for all future measurements. The method was also 
more generally applicable than that of Huyghens, since, besides the apparent 
diameters of the celestial bodies, it might serve to measure the angular 
distance of two stars that were at the same time in the field of view of the 
telescope. It laboured, however, under the disadvantage that, if tbe two 
stars did not appear exactly on the wires, something was unavoidably left 
to estimation in the measurement of their mutual distance. Auzout got 
rid of this defect hy substituting for the reticule of Malvasia two silk 
threads, one of which was fixed, while the other was moveable in a direc¬ 
tion parallel to it by means of a fine screw. It is evident that, when once 
the distance traversed by the moveable thread during one revolution of 
the screw was ascertained with sufficient accuracy, the angular distance 
between two stars very near to each other might be determined, by causing 
the moveable thread to traverse tbe interval between the stars, and noting 
the number-of revolutions and parts of a revolution of tbe screw which 
were required to effect this ohj ect. 

* M4i3q. Acad, des Sciences, 1717, p. 78, et seq. 
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Aazout first announced his improvement of the micrometer in a letter to 
the Royal Society of London, dated December 28, 1666, which is in¬ 
serted in the 21st Number of the ’Philosophical Transactions. Birch 
states that, upon this letter being read before the Society, two of the 
members, Wren and Hooke, took occasion to mention several ways of 
measuring small angles which were already known in England. These 
philosophers have nowhere given a detailed description of the micrometers 
devised by them. Sprat, however, in his “History of the Royal Society/’ 
alludes, in a general summary of the labours of the Society, to their 
construction of telescopes of different lengths, with several contrivances in 
themjor measuring the diameters and parts of the planets In another 
part of the same work, he states that Wren had added many sorts of 
retes, screws, and other devices to telescopes, for taking small distances 
and apparent diameters to seconds f. In a work which he published in 
1666, Hooke proposes to determine the parallax pf the moon or any of 
the planets by observing its distance from the neighbouring stars in two 
different latitudes, by the aid of a telescope fitted with a rete or divided 
scale It is evident that the micrometrical contrivances of Huyghens, the 
Marquis Malvasia, and Hooke, were all essentially similar to each other. 
Indeed, as soon as telescopes composed of two convex lenses began to he 
commonly used, the invention of such a micrometer as that devised by 
either of these philosophers was a very obvious step. 

In the 25th Number of the Transactions of the Royal Society there is a 
letter from Richard Townley, of Lancashire, relative to the micrometer of 
Gascoigne. The date of this letter is March 25,1667 §. “ Finding,” says 

he, “in one of the last Philosophical Transactions^ how much M. Auzout 
esteems his invention of dividing a foot into near 30,000 parts, and taking 
thereby angles to a very great exactness, I am told I shall be looked 
upon as a great wronger of our nation, should I not let the world know 
that I have, out of some scattered papers and letter's that formerly came 
to my hands of a gentleman of these parts, one Mr. Gascoigne, found out 
that, before our late civil wars, he had not only devised an instrument of 
as great power as Mr. Auzout’s, but had also for some years made use of 
it, not only for taking the diameters of the planets and distances upon 
land; but had further endeavoured out of its preciseness to gather many 

certainties in the heavens [j.. I shall only say of it that it is 

small, not exceeding in weight, nor much in bigness, an ordinary pocket 

* “ History of the Royal Society,” p. 250, 4to, London, 1667. The account of the 
scientific labours of the Itoyal Society, inserted in this work, was compiled from the re¬ 
gisters of the Society down to 1665- 

f Ibid., p. 314. 

I Micographia, p. 237, fol., Lond., 1665. Hooke, on a subsequent occasion, de.scribed 
a species of micrometer of a more perfect construction, but he was then acquainted with 
the contrivances for a similar purpose devised by Gascoigne and Auzout. 

§ The date of the letter is not mentioned in the number of the Philosophical Trans¬ 
actions cited in the text, but the omission is supplied by Birch, who alludes to the letter 
in bis Pxstory of the Toyed Society (voL ii. p. 164). This letter, as well as the state¬ 
ment respecting it by Birch, has entirely escaped the notice of Delambre, who censures the 
tardiness of the English astronomers in not bringing forward any account of Gascoigne’s 
micrometer before the 25th of July, 1667- 

II Townley here states that Gascoigne determined the value of the lunar parallax by 
measuring with his micrometer the apparent diameter of the moon when she was in the 
horizon, and again when she was on the meridian. He mentions also that he had in his 
possession the very micrometer that Gascoigne originally used in his observations. 
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watch, exactly marking above 40,000 divisions in a foot, by the help of 
two indexes ; the one showing hundreds of divisions, the other divisions 
of the hundred.” Mr. Townley concludes his letter by stating that, if it 
should he found desirable, the Society might obtain a more complete 
description of the instrument. 

Mr. Townley’s micrometer was actually produced before the Society at 
the meeting held on the 25th of dnly, 1667, and a detailed description 
of it was subseq[uently given in No. 29, of the Philosoj)hical Transactions. 
In principle it exactly resembles the micrometer of Auzont. Two straight 
edges of metal are made to approach each other at the focus of the telescope 
by means of a screw, the mechanism being so contrived that the optical 
axis of the telescope is always situate midway between the two edges. The 
number of revolutions and parts of a revolution of the screw which are 
required in order to bring the edges into any determinate position will 
manifestly indicate the extent of the interval which separates them 
Hooke suggested an improvement of this micrometer by substituting 
humau hairs for the solid edges. 

It appears from the observations of Gascoigne, which are still in exist¬ 
ence, that he actually used the micrometer in several delicate measure¬ 
ments. Flamsteed, in the first volume of the Historia Celestis, has in¬ 
serted a series of celestial observations extending from 1638 to 1643, 
which were made by Gascoigne and his friend Crabtree, and among these 
are contained a considerable number of micrometrical measurements by 
Gascoigne. They consist of a determination of the mutual distances of 
the Pleiades, a few values of the apparent diameter of the sun, several 
distances of the moon from the neighbouring stars, and a great number of 
measurements of the lunar diameter. The results in most instances are 
given in revolutions and parts of a revolution of the screw. In the forty- 
eighth volume of the PhUosophical Transactions, Dr. Fevis has also given 
several measurements of the apparent diameters of the planets and the 
moon, made by Gascoigne with his micrometer. They were extracted, by 
bim from a letter written by Gascoigne to Oughtred, the original of which, 
he stated, was still preserved in the library of the Earl of Macclesfield f. 
The following comparison instituted by Delambre, between certain mea¬ 
surements of the semidiameter of the sun by Gascoigne, and the corre¬ 
sponding values in the Connaissance des Temps of the present day, will 
suffice to convince the reader that the original inventor of the micrometer 
did not fail to bring Ms instrument to considerable perfection :— 


Gascoigne. 

October 25, O.S. 16' 11" or 10" 
October 31, 16 11 

December 2, 16 24 


Connaissance des Tenops. 
16' 10" 

16 11.4 
16 16.8 


Gascoigne makes the greatest variation of the apparent diameter of 


* Sherburne, in Ms translation of the Sphere of Manilius (1675), states that Crabtree, 
taking a journey to Yorkshire, in 1639, to see Gascoigne, thus wrote to Horrocks:_ *. 

The first thing Mr. Gascoigne shewed me was a large telescope, amplified and adorned 
with new inventions of his own, whereby he can take the diameters of the sun or moon 
or any small angle in the heavens or upon the earth, naost exactly through the o-lass to a 
second (see the work cited, p. 92). This is the letter alluded to in the note at the 
foot of p. 428. 

t Trans., 1753, p. 190. 
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the sun to be 35"; according to th© Connaissance des Temps it amounts 
to 32".3 

It appears from the foregoing statements that Gascoigne in-vented and 
actually employed the micrometer twenty years before even the original 
germ of such an instrument had suggested itself to any person on the 
Continent. At the same time, there is not the smallest reason to suppose 
that any person out of England had any knowledge of his labours previous 
to the reinvention of th© instrument elsewhere. On this point Delambre 
makes the following just remark :—** II faut remar quer que les observa¬ 
tions des deux amis n'ont H6 puhliies que 80 arts apr^s leur date reelle. 
Ainsif en accordant cb O-ascoigne, la premiere idee et mime la premiere execu¬ 
tion du micromhtre, il^st jxiste de r6server leurs droits auao astronomes quit 
sans avoir aucune connaissance des observations Anglaises, ont St& conchdts 
par leur propres reflexions d la m^me dicouverte.^'\ 

There can be no doubt that th© micrometer of Gascoigne and Auzout is 
immeasurably superior to any reticule or graduated scale placed in the 
focus of the telescope, such as was used by Huyghens and the Marquis 
Malvasia on the Continent, and by Hooke in England. It is right to 
bear in mind, however, that both Wren and Hevelius had suggested the 
measurement of small angles, and of the fractional parts of large angles, 
by means of the revolutions of a screw, although it does not appear 
that on any occasion they reduced their ideas to practice. 

William Gascoigne, the individual just referred to, was the son of Henry 
Gascoigne, Esquire, of Middleton, in Yorkshire. While only eighteen 
years of age he appears to have been actively engaged in observing the 
celestial bodies, and in advancing the state of optics and practical astro¬ 
nomy. He continued to prosecute his labours with remarkable success 
till the outbreak of the civil wars in 1643, when he joined th© cause of 
Charles I., and fell at the battle of Marston Moor on the 2nd of July, 
1644, in the twenty-fourth year of his age. To his untimely fate may be 
applied the language of a distinguished historian in reference to the accom¬ 
plished young statesman who, in the previous year, fell at th© battle of 
N.ewbury, fighting in the same cause ;—“ II mouriit, victime d'un temps trop 
rude pour sa et tendre vertu." J Hichard Townley states that Gas¬ 

coigne had a Treatise on Optics just ready for the press, but that notwith¬ 
standing all his efforts he was unable to obtain any trace of it after his 
death §. Sherburne, in his translation of “ Th© Sphere of Manilius,” as¬ 
serts that Gascoigne was the first person who mad© a telescope composed 
of two convex lenses ||. Whether this be true or not, it is very certain, 
at all events, that he was the first who applied a telescope of such a con¬ 
struction, to those purposes for which it is peculiarly designed. 

The application of th© telescope to divided instruments, so as to serve 
in ascertaining the apparent direction of a celestial body, was another of 
those great improvements which distinguished the progress of practical 
astronomy in the seventeenth century. The idea of employing the tele¬ 
scope in this manner seems to have fiLrst suggested itself to Morin, a 
French astronomer, notorious for his opposition to the Gopernican theory 
of the universe, and his devotion to astrological pursuits. In 1636 he 
ascertained the interesting fact, that it was possible to see the stars in 
the daytime by the aid of the telescope, and he sought to avail himself of 

* Hist. Ast. Mod., tome ii., p. 590. _ _ i"' Ibid, 

t Guizot, Histoire de la Revolution d'Angleterre, livre iv. 

§ Phil. Trans., 1667, p- 457. ^ ^ 

11 “ The Sphere of Manilius,” translated into English, p. 9‘2, fol., London, 1675. 
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Ms discovery in devising a nevr solution of the problem of the Ion 
His method was founded on a comparison of the observed and coi 
distances of the moon from the stars, but although he succeeded in 
the stars in the daytime, he in vain sought to fix the positions of eit 
moon or the stars by the aid of the telescope. Indeed, so long as i 
mers confined themselves to the telescope as originally construe 
Gralileo, it was impossible to accomplish such an object, since there 
place of distinct vision at which two cross threads could be placed 
cate, by their intersection, the invariable position of the optical axi 
instrument. It is a remarkable fact, that the unfortunate Gascoigne 
first person who successfully used the telescope in ascertaining by 
tion the apparent positions of the celestial bodies* Herham, in 
which appears in the JPhilosojphical Transactions for the year 1717 
tisfactorily established the claims of Gascoigne upon the evidence o 
letters which passed between him and his friend Crabtree Thes 
were originally in the possession of Hi chard Towiiley, the in dr 
whom we have already had occasion to allude in connexion with tl 
tion of the micrometer. It may conduce to a clearer understa 
the following extracts from these letters, to hear in mind that 
mentioned invention afibrds demonstrative proof that Gascoigne e 
in his astronomical observations, telescopes composed of two convc 
In a letter to Crabtree, dated January 95, 1640—1, Gascoi 
writes :—“ If here (in the focus of the telescope) you place the s 


measures.or if here a hair he set that it appear perfect! 

the glass.you may use it in a quadrant, for the findi* 


altitude of the least star visible by the perspective wherein it is 
night be so dark that the hair, or the ]3ointers of the scale, he 
seen’, I place a candle in a lanthorn, so as to cast light sufficiem 
glass, which I find very helpful when the moon appeareth not, o: 
otherwise light enough.” In another letter to Crabtree, dated c 

mas eve, 1641, he thus writes:-" Mr. Horrocks his theory of 

I shall be shortly furnished to try, for I am fitting my sexta 
manner of observations, by two perspicills with threads. And 
consulting my workman about the making of wheels like /3, ^ 
diagram 3, to use two glasses like a sector. If I once have n 
readiness to my desire, I shall use them every night- I have 
sextant by the help of the cane, two glasses in it, and a threa 
be a pleasant instrument, conld w^ood and a country joiner or 
please me.” 

In another letter, the date of which was found by Derham 
out, hut which was marked as his tenth letter, in Crabtree’s 
writing, he says :—“ I have caused a very strong ruler to be exi 
and intend to fit it with cursors of iron, with glasses in them, ai 
for my sextant.” 

The following extract of a letter from Crabtree to Gascoi 
'October 30, 1640, will tend still further to establish the san 
“ Ton told me, as I remember, you doubted not in time to he al 
observations to seconds. I cannot but admire it, and yet, by ^ 
believe it; but long to have some farther hints of your conc< 
purpose. One means, I think, yon told me was, by a single 
cane, upon the index of your sextant, by which, as I remembe 
the exact point of the sun’a rays.” In another part of the sar 

' ^ Trams.', 1717, p. 603. 
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says :—“ Oould I purchase it with travel, or procure it for gold, I would 
not he withoiit a telescope for observing small angles ia the heavens; 
nor want the use of your other device of a glass in a cane upon the move¬ 
able ruler of your sextant, as I remember, for helping to the exact point 
of the sun’s rays.”’* 

The perusal of the foregoing extracts cannot leave a shadow of a doubt 
in the naind of the reader that Gascoigne distinctly perceived the advan¬ 
tage of telescopic sights in fixing the position of a celestial body, and that 
he had actually reduced his ideas to practice, in making observations with 
the quadrant and the sextant. To him, therefore, must be awarded the 
credit due to the original invention of this important naethod of observa¬ 
tion. It has been already remarked that the application of tlae Galilean 
telescope to that purpose was impracticable. The above-cited extracts 
from Gascoigne’s letters clearly prove that he had succeeded in fixing the 
position of the optical axis of his telescope, and in this respect they tend 
to corroborate the assertion of Sherhume that he was the first wlio con¬ 
structed a telescope composed of two convex lenses. 

The materials which serve to establish the interesting fact that Gas¬ 
coigne employed, telescopic sights in observing the celestial bodies, were 
not published until early in the beginning of the eighteenth century, when 
the same mode of observation had been already known to astronomers for 
about fifty years. The improvement which he thus effected can only 
he regarded, therefore, as forming the groundwork of an interesting 
episode in the history of practical astronomy, rather than as constituting 
a link in the chain of gradual advancement. In this respect it differs- 
from his invention of the micrometer, which continued after his death 
to be made use of in the north of England, although it appears to have 
been unknown for many years both in London and on the Continent. 

The earliest allusion to the use of the telescope in observing the posi¬ 
tions of the celestial bodies is contained in Sprat’s “ History of the 
Hoyal Society.” In a general exposition of the labours of the Society, to 
which reference has already been made, he makes the following statement: 

“ They (the Fellows of the Society^ have suggested the making of a per¬ 
fect survey, map, and tables of all the fixed stars within the zodiac, both 
visible to the naked eye and discoverable by a six-foot telescope with a 
large aperture ; towards the observing the apparent places of the planets 
with a telescope both by sea and land. ’This has been approved and 
begun, several of the Fellows having their portions of the heavens allot¬ 
ted to them.”f 

* The following extracts from the same collection of letters exhibit a beautiful illus¬ 
tration of the feeling which ought to reign between persons engaged in scientific pursuits, 
whether during the period of youthful enthusiasm or that of mature manhood. In a letter 
to Gascoigne, dated December 8, 1640, Crabtree thus writes; — “ My friend, Mr. Hor- 
rocks, professeth that little touch which I gave him of your inventions, hath ravished his 
mind quite from itself, and lett him in an extasie between admiration and amazement. I 
beseech yon, sir, slack not your intentions for the perfecting of your begun wonders. 
We travel with desire till we hear of your full delivery. You have our votes, our hearts, 
and our hands should not be wanting if we could further you.” In another letter dated 
December 6, 1641, he thus writes to Gascoigne -.—“ No man that hath written of the 
diagram (of Hipparchus) understood it fully or described it rightly, but only Kepler and 
our Horrocks, ybr whose immature death there is yet scarce a day which I pass zvithout 
some pang of sorrow ” 

+ Sprat’s History of the Royal Society,” p. 190. The close resemblance of this 
project to that in which the Berlin Academy of Sciences is engaged in the present day, 
cannot fail to strike the reader. 
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In anotiler part of tlie same work the author states that the Society 
have made “ observations of the fixed stars, for the perfecting of astro¬ 
nomy by the help of telescopes.”* Tn an account of their optical 
labours he asserts that they have constructed “ several excellent tele¬ 
scopes of divers lengths of six, twelve, twenty-eight, thirty-six, and sixty 
feet long, with a convenient apparatus for the naanaging of them ; and 
several contrivances in tJxem, for measuring the diameters and parts of the 
planets, and for finding the true position and distances of the swz, fixed 
stars, and satellites^ 

In an account of the inventions of Wren (afterwards Sir Chris¬ 
topher), one of the Pellows of the Society, Sprat makes the following 
statement:—“He has made two telescopes to open with a joynte like a 
sector, by which observers may infallibly take a distance to half minutes, 
and find no difference in the same observation reiterated several 
times, nor can any warpinpf or luxation of the instrument hinder the truth 
ofit.”t 

This seems to he the same instrument as the one mentioned hy Hooke 
in. his “ Animadversions upon the 'M.achina Celestis of Hevelius,” wherein 
he states—in reply to an objection made hy Hevelius that telescopic 
sights had never been applied to large instruments—that he had then by 
him an instrument of Sir Christopher Wren’s invention, furiaished with 
two perspective sights of six feet long each, which he made use of for ex¬ 
amining the motions of the comet of 1665 §. 

It appears that as early as the year 1665, Hooke wrote a letter to 
Hevelius strongly recommending him. to employ telescopic sights in pre¬ 
ference to the ordinary pinnules Ij. At the meeting of the Hoyal Society 
held on the 4th of November, 1 66*7, there was read a letter from Heve¬ 
lius, dated October 21 of the same year, in Which he expressed a desire 
of having one of the longest telescopes made in England pro¬ 
vided for him, and of being gratified with a full description, formerly 
promised him hy Mr. Hooke, of the way of applying telescopical sights 
to sextants.”nr 

It appears from the foregoing statements that at least as early as the 
year 1665 Wren and Hooke, two of the most distinguished philosophers 
of the age, had employed telescopic sights in observing the celestial 
bodies. The earliest observations made hy the use of the telescope in 
this way, of which the details have been actually published, are those of 
the French astronomer Picard. In the Histoire Celeste of Ijemonnier 
there is an account of observations of the meridional altitude of the sun, 
made by Picard in the garden of the Royal Eibrary of Paris, with a 
quadrant of nine feet seven inches, and a sextant of six feet, both fur¬ 
nished with telescopes. The earliest of these observations is dated 
October 2, 166Y**. In Ms treatise on the “Measure of the Earth” the 
same admirable astronomer has described the different modes of verifica¬ 
tion to be employed in using instruments fitted with telescopic sights 'H'- 

* Sprat’s Hist. Itoy. Soc., p. 241.' + Ibid., p- 250. t Ibid., p. 314. 

“ Auinaadversions on the first part of the Machina Celestis,” p. 42. London, 4to, 

ft Hevelius in the same year replied to Hooke in a letter addressed to the Royal 
for the contents of which see Hooke'^s ^nimaduersions^ p, 5. 

JSistory of the Royal Society, yoL ii* p, 208. 

C61este, p. 11. ^ 

j4caci. dies Sdencesj tome vii., p. 133, 
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Hooke, without seeming to be aware of what Picard had done, has also 
given an account of similar methods of adjustment in his “ Animadver¬ 
sions upon the IducJiina Celestis of Hevelius.”* 

The establishment of the national observatories of Paris and Grreen- 
wich immediately followed the remarkable improvements in practical 
astronomy above alluded to. The Royal Observatory of Paris was com¬ 
menced in 1667, but was not finished before the year 1671. It was a 
building of great magnificence, designed by Claude Perrault, the famous 
architect of the Louvre; but it was constructed without due regard to the 
purpose for which it was intended. It consisted of a quadrangular pile 
flanked by two massive towers. No means were provided in the con¬ 
struction of the building for enabling the astronomer to observe the 
celestial bodies at all altitudes, by means of instruments sheltered under 
its roof, nor was it possible to repair the omission, on account of the enor¬ 
mous thickness of the walls. Dominique Cassini, who had arrived in 
France in the year 1669, in compliance with an invitation from Louis XIV. 
to reside in his capital, commenced his labours at the observatory on the 
14th of September, 1671. It is important to remark, however, that no 
special duties were assigned to him in connexion with that establishment, 
nor did he derive any emoluments from the French Grovernment, in con¬ 
sideration of his services as an astronomical observer. A liberal pension 
was, indeed, granted to bi m upon his arrival in Paris, but this was on ac¬ 
count of the sacrifice he had made in leaving his native country to adorn 
France by his talents f. His superintendence of the Royal Observatory 
was naturally suggested by the position which he occupied as first astro¬ 
nomer of France |, but his duties were altogether discretionary. The 
other astronomers who had access to the Observatory, occasionally received 
allowances from the G-overnment for their services, but there was no fixed 
sum set apart to provide for the annual maintenance of the establish¬ 
ment §. The consequence of this oversight was, that no definite plan of 
observation was projected, by an undeviating adherence to which the advan¬ 
tages of a national observatory can alone be realised. This circumstance 
long continued to exercise an injurious influence on the progress of prac¬ 
tical astronomy in France. 

The inherent vice in the construction of the Royal Observatory^ of 
Paris has been already alluded to. It might be expected that Cassini, 
who arrived in France when the building was in the course of erection, 
and in whose opinion upon any subject relating to astronomy the 
French Government reposed unbounded confidence, would have effectually 
used his influence in preventing so deplorable a sacrifice of the interests 
of science to the fancy of the architect. It is true that he did not fail to 
remonstrate on account of the defective plan of the building, but the 
modifications proposed by him, shewed that his ideas were not in accord¬ 
ance with the existing requirements of practical astronomy. Among the 
alterations recommended by him, was the construction of an apartment in 

* One of the most remarkable methods of adjustment practised by these astronorners 
consisted in reversing the instrument so as to determine the error of collimation. It is a. 
curious fact that the Arabian astronomer, Ibyn Jounis had already suggested a similar 
method of adjustment with respect to the gnomon. Thus, among several modes of veri- 
fying the perpendicularity of the instrument^ he recommends to turn it round and make 
observations with it in two opposite directions. Delambre, Hist. Jlst, Moyen Age^ p. 102. 

Cassini YW., JHemoires pour servir a rHistoire des Sciences^ p. 186, 4to, Paris, 1810* 

^ First astronomer, at least, in the estimation of the Court of Louis XIV, 

§ Mernoires pour servir a I’Histoire des Sciences;,” p. 186. 
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■whicTi the celestial bodies miglit be observed from east to west tlirou&'hoiat 
the whole of their diurnal courses Such a mode of observation mio-lit 
have been very serviceable for the discovery of satellites, and for the ex¬ 
amination of the physical constitution of the planets, bnt in so far as -the 
determinations of the positions of the celestial bodies was concerned the 
tendency of the age was towards observations made exclusively iri the 
plane of the meridian with fixed instruments. The alteration proposed by 
Cassini was, in fact, such a one as Tycho Brahe would have recommended 
for the purpose of making ordinary observations of the celestial bodies -with 
his eq[uatorial armillse. Another alteration suggested by him was the 
admission of the solar light through an aperture, so as to trace upon the 
floor the daily course of the sun throughout the year. By this con¬ 
trivance he contemplated the formation of a vast sun-dial: he also ex¬ 
pected to derive from such observations a more accnrate knowledge of the 
variations of refraction. It is not difficult to perceive that such an alter¬ 
ation, if it had been carried into effect, would have been in reality a step 
backwards rather than a positive improvement. The remarkable snccess 
which attended Cassini’s early efforts of a similar kiad at Bologna, seems 
to have given a bias to his views on practical astronomy, from which he 
was unable completely to emancipate his mind throughout the xvhole 
course of his life. It does not seem to have occurred to him that the use of 
the telescojpe and the pendulum, introduced into the practice of observation 
a degree of delicacy and precision, which left all such clumsy contrivances 
immeasurably behind. It must be acknowledged, therefore, that notwith¬ 
standing the distinguished talents of Cassini, and the many brilliant dis¬ 
coveries which he made in celestial physics, the position which he occupied 
in France at the time of the establishment of the Royal Observatory of 
Paris, was unfavourable to the advancement of practical astronomy in that 
country. 

Picard commenced his observations at the Royal Observatory of Paris 
on the 9th of July, 1673. This admirable astronomer was ono of the 
first to perceive that the improvement effected by Huyghens in the con¬ 
struction of clocks completely removed the difficulty experienced by 
Tycho Brahe and his contemporaries in their attempts to employ the ele¬ 
ment of time in astronomical observations. It was now clearly seen that 
by determining the altitudes of the celestial bodies as they passed the 
meridian, and noting the times of observation, their declinations and 
right ascensions would be obtained with a degree of accuracy commensu¬ 
rate to the existing state of theoretical astronomy. The simplicity of this 
method gave it an incalculable advantage, as soon as it was found to be 
practicable, over any other that had been hitherto employed for a similar 
purpose. With the view of carrying it into effect, Picard solicited the 
establishment of a quadrant in the plane of the meridian, but although, 
he continued to labour several years at the observatory, the object of his 
request was not accorded to him. Not having such an instrument avail¬ 
able to him, he determined the instant of the passage of a celestial body 
across the meridian, by noting the times at which the body attained 
the same altitude on each side of that circle f. It is manifest that the 

* “ M6moires pour servir a I’Histoire des Sciences,” p. 294. ^ 

t Sometimes the same object was eifected by means of observations made with a tele¬ 
scope attached to a wall whose face was in the plane of the meridian. This instrument* 
termed Za lunette murale, was also occasionally employed in determining the apparent 
altitudes of the stars included within a small range of observation. 
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time equidistant from tlaO two observations, indicated tbe instant of thi 
passage of the body over the meridian. In applying this method to the stin 
Picard did not fail to take into account the correction depending upon the 
change of declination during the interval included between the two ob¬ 
servations. "W'e have seen that this method of observation, which is 
termed the method of corresponding altitudes, had been already employed 
by the astronomers of India as well as by the A.rabian astronomers, in 
tracing the direction of a meridian line by means of observations of the 
sun. It does not appear, however, that they paid any attention to the 
correction above referred to. The application of the method, however, to 
the celestial bodies generally, and the necessity of employing a correction 
in the particular case of the suuj were distinctly pointed out by Thomas 
Digges in his “ Ala seu Scalm JMctthematicixf published at London in 
15 73*. ; 

Picard’s labours at the Poyal Observatory of Paris extend to 1682, in 
the autumn of which year he died. The name of this astronomer is im- 
perishably associated with the improvements effected in practical astro^- 
nomy in the seventeenth century. It cannot but be a matter of regret to 
every person who takes an interest in the progress of astronomical science, 
that he was not selected to direct the national observatory of his country. 
Unfortunately his labours were not calculated to attract the attention of 
that class of persons whose attachment to astronomy is founded solely oh 
the pleasure to he derived from gazing at celestial phenomena. He ap¬ 
pears, moreover, to have been a man of a retiring disposition, who de¬ 
voted his talents to the cultivation of science for its own sake, regardless 
alike of the applause of the multitude or the patronage of the great 
Hence it happened that although he was, of all the astronomers of his age, 
perhaps the one most qualified to superintend the duties of an observatory, 
he was set aside by the government of his own country, and a foreigner 
appointed over the national observatory, whose labours, indeed, were of a 
more brilliant character, but were of infinitely less importance to the pro¬ 
gress of astronomical science than were those of Picard. It is deploi'able 
to see tbe interests of a great country tbus sacrificed to the capi'ices of a 
court- The circumstance may well excite the indignation not merely of 
Frenchmen, but of every person who is moved by the spectacle of true 
merit thus contemptuously overlooked, while the individual who exhibits 
qualities of a more meretricious nature is caressed and favoured. 

La Hire commenced his observations at the Hoyal Observatory of 
Paris, in the year 1 677. A mural quadrant of 5 feet radius, which Picard 
had long solicited in vain, was finally adjusted, and permanently fixed in 
the plane of the meridian on the 25th of April, 1683. La Hire con¬ 
tinued to make meridional observations with this instrument for a period 
of more than thirty years ; but unfortunately none of those later than the 
year 1686 have ever been published. 

The establishment of the Loyal Observatory of Greenwich was only a few 
years posterior to that of the similar institution of Paris. The following 
account of its origin is given by Flamsteed;—In 1675, a Frenchman, who 
tyled himself Le Sieur de St. Pierre, represented to the English govern- 
mnt that he was in possession of a method of finding the longitudeyrom 

*The words of Digges are:—“ .... Non solum per solem orientem aut occi- 
dentvj, aequalibus altitudinibus deprebensum (Prosthaphaercesi elapso inter ob- 

serva^i^gg tempore convenienti pro solis motCl non neglect^.), sed etiam per Stellas fixas 
oinneii (Supplementa, Capitulum Septimum, Canua (^uartus.) 
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ea^y celestial observations^ and claimed the reward offered for such a dis¬ 
covery. The method which he was desirous of communicating, was 
founded on a comparison of the observed and calculated distances of the 
moon from the fixed stars. A committee, consisting of Lord Brouncker, 
the Bishop of Salisbury, and several other individuals, was appointed to 
take the subject into consideration. Flamsteed, who, through the influ¬ 
ence of his patron Sir Jonas Moore, was nominated one of the members 
of the committee, was requested to provide the observations which the 
Frenchman demanded for the purpose of illustrating the practicability of 
his method. Flamsteed speedily supplied the necessary observations, but 
he took occasion to remark that, however accurate they might be, the 
method was still defective, inasmuch as the best astronomical tables some¬ 
times erred to the extent of 13' in the moon’s place. Moreover, he 
stated that the method tacitly implied that the places of the fixed stars in 
Tycho Brahe’s catalogue were absolutely correct, whereas he had found by 
his own observations that they were generally 5' or 6' in error, and in 
some instances even more. The commissioners agreed unanimously in 
the justness of Flamsteed’s remarks, and, at the suggestion of Sir Jonas 
Moore, it was resolved to memorialise the king on the expediency of erect¬ 
ing an observatory for the purpose of making observations of the celestial 
bodies which might serve for the discovery of the longitude, since the 
solution of that important problem appeared evidently unattainable by any 
other means 

The king gave his cordial assent to the views of the commissioners, 
and steps were immediately taken to carry them into effect. Flam¬ 
steed was appointed Astronomer Boyal, with a salary of £100 a year. 
The warrant of Charles II. for the payment of his salary is dated 
March 4, 1674—5. He is therein styled “ our Astronomical Obser- 
vator,” and it is declared that the duty of his office is “ forthwith to 
apply himself with the most exact care and diligence to the rectifying 
the tables of the motions of the heavens, and the places of the fixed 
stars, so as to find out the so much desired longitude of places for 
the perfecting the art of navigation.” The warrant for the building 
of the Observatory is dated June 2nd, 1675. It modestly announces 
the royal resolution to build a small observatory in the park at Green¬ 
wich “in order to the finding out of the longitude for perfecting navi¬ 
gation and astronomy.” Sir Christopher Wren is charged to prepare 
the plan of the building, and to select a proper site for it; and the Master 
General of the Ordnance is instructed to advance the funds necessary for 
its completion, upon the condition that the expense of erection do not ex¬ 
ceed five hundred pounds f. 

The foundation stone of the observatory was laid on the 1 0th of August, 
1676, and the building was finished in less than a year. Flamsteed took 
up his residence at it on the 10th of July, 1676, and shortly afterwards 
commenced his duties as an observer. Before proceeding further with the 
history of this famons observatory, it will he desirable to allude hrielly to 
the impoitaut labours of Roemer on the Continent. 


* Bsdly’s Life of Flamsteed, p. 125. 

"t Flamsteed states that, besides £500 in money, the king allowed bricks from TilL^ 
Fort, and some wood, iron, and lead from a gate-house demolished in the Tower^ 
that he also encouraged them, further with a promise of what more would be reOB 
According to Mr, Baily, the actual cost of erection amounted to £520 9s. Id. (f ■ 
Life of Flamsteed, p. a9.) / 
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Olaus Hoeraer was bom at Copenhagen on the S5tli of September, 
1644. When Picard proceeded to Denmark in ]671, for the purpose of 
determining the exact position of XJranibourg, the scene of Tycho Brahe’s 
labours, he found Roemer engaged in studying mathematics and astronomy 
under Erasmus Bartholinus. Having discovered that the young man was 
possessed of no ordinary talents, the French astronomer employed him as 
an assistant in his astronomical observations, and, at their conclusion in 
167S, he brought him along with him into France. In 1676 Roemer 
communicated to the Academy of Sciences of Paris a memoir, in which 
he announced his discovery of the gradual propagation of light- This 
important communication obtained for him a seat in the Academy- He 
had also apartments assigned to him at the Royal Obsepatory, where he 
continued, during his residence in Prance, to'make occasional observations 
of the celestial bodies. In 1681 he returned to Denmark, having been 
appointed Royal Professor of Mathematics in the University of Copen¬ 
hagen. The great reputation which he had already acquired in Prance, 
pointed him out as a person eminently qualified to undertake the duties 
attached to the observatory of that city. The peculiar construction of 
this edifice has already been briefly alluded to. Roemer did not fail soon, 
to perceive that it could not be advantageously employed for the pur¬ 
poses of astronomical observation. In consequence of the instruments 
being placed at the very top of the building, they were constantly liable to 
be disturbed in their positions by the violence of tempestuous winds. It 
was also found to be injurious to the health of the observer to prosecute 
Ms labours in so exposed a situation.. Roemer, therefore, resolved to 
obtain the erection of a more suitable observatory in some open district of 
the country; but having been unable to realise his views so soon as he 
desired, he was induced in the meantime to convert his private dwelling- 
house into a temporary observatory. 

The most remarkable novelty of the Ohservatorium JDomesticum of Roe¬ 
mer was the Transit Instrument of which that distinguished astronomer 
was the inventor*. It was placed so as to make observations with it 
at a window. In consequence of the interposition of the neighbouring 
houses, it was impossible to command the view of a very large arc of 
the meridian. The range of the instrument extended from 30° south 
declination to 40° north declination. The axis, which was of iron, was 
five feet long, and an inch and a half thick. Its extremities rested 
upon iron supports inserted in the sides of the window, and the direc¬ 
tion of its position was east and west, so as to allow a telescope attached 
to it to revolve freely in the plane of the meridian. The telescope was 
placed near one of the extremities of the axis. In. order to obviate 
the effects of flexure, the tube of the telescope was composed of two 
cones attached to each other at their bases. At the focus there were 
inserted three horrizontal and ten vertical threads, but of the latter only 
three were used in practice. The illumination of the field of view was 
effected by means of a lantern placed above the centre of the telescope 
which threw its light upon a perforated concave speculum inserted a little 
behind the object-glass, the speculum again reflecting the light along 
the interior of the tube. In order to admit the passage of the light to 
the speculum, the upper portion of the tube of the telescope near the 
object-glass was altogether removed. Towards the other end of the axis 
was a projecting arm, carrying at its extremity a microscope by means of 

* Horrebow’s JSasis Astronomu/^, p. 48, 4to. Hafni», 1735- 
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’which the declinations of the celestial bodies were read upon a graduated 
arc fixed opposite to it. The arc, which extended to 7'5°, was divided to 
every ten minutes. In the common focus of the object-glass and eye¬ 
glass of the microscope there were inserted eleven parallel threads, by 
means of which the interval betw’een two consecutive points of the gradu¬ 
ated arc was divided into ten equal parts. The interval between two 
threads was consequently equal to a minute, and this again, according to 
Horrebow, the assistant of Roemer, might be subdivided by estimation so as 
not to commit an error of more than 2^''^ or S'" in determining the declina¬ 
tion of a celestial body ■*. The pressure of the telescope and projecting arm 
upon the axis of the instrument, was counterpoised by a weight tending to 
pull it upwards at the centre. This contrivance was devised by Roemer 
some time after the instrument had been in use, in consequence of certain 
irregularities in the observations, which he could only account for by the 
flexure of the axis. The error of collimation of the telescope was ascer¬ 
tained by reversing the instrument. For this purpose a mark was care¬ 
fully observed in the open fields before the instrument w’as placed in its 
position. The adjustment of the instrument so as to make the telescope 
revolve exactly in the plane of the meridian was effected by means of ob¬ 
servations of corresponding altitudes of the stars f. Horrebow states 
that the horizontality of the axis of rotation was carefully ascertained, 
but he does not mention by what means this object was effected. 

Roemer continued to make observations with this instrument until a 
suitable observatory was erected for him in the country, when he obtained 
another of a similar kind but of a more perfect construction. Horrebow, 
his successor, states that in 1715, he prepared a suitable place for the 
original instrument in the ancient observatory, and having transported it 
thither, made many thousand observations with it, which were registered 
in fourteen folio volumes, when on the 31st of October, 17$38, these, 
as well as all Roemer’s observations, and also the others which he himself 
had made, were destroyed by the fatal conflagration which consumed so 
large a portion of the city on that occasion J. 

* Roemer’s instruments were in general divided in the first instance to every ten mi¬ 
nutes, and afterwards subdivided to every minute by nneans of the microscope, the seconds 
being estimated as mentioned in the text. From the circumstance of eleven threads 
being required to divide the space between two consecutive points on the instrument into 
ten equal parts, Oelambre has hastily concluded that the threads performed the function 
of a vernier, but this is obviously a mistake. 

+ Relambre, who can see in Roemer only a person who carried out the ideas of Picard, 
endeavours, in every possible manner, to diminish the credit due to the Danish astro¬ 
nomer for the invention of this invaluable instrument; and, in order to attain his end, he 
has not scrupled to throw out an insinuation no less at variance with truth than it is un¬ 
worthy of his high reputation as an historian of science. Thus, while trying to discover 
the reasons which induced Roemer to construct his instrument, he expresses himself in 

fh® following terms :—“.Peutetre Roemer n’a-t-il ete induit a la faire con- 

struire que pour la raison unique que le mur de sa chambre 6tait oblique au mfiridien 
q'J-’il 1^® pouvait y placer un quart de cercle et pas meme la lunette murale de Picard.” 
CJETtst. AsL Mod., tome ii., p. 639.) Now so far from it being true that Roemer fell 
upon the construction of the transit telescope by mere accident, as Delambre has sug¬ 
gested in the foregoing passage, it appears from a letter which the Danish astronomer 
wrote to Leibnitz in 1700, that as early as the year 1675 he had discovered the peculiar 
such an instrument, but was hitherto unable to obtain a suitable building 
■Wh©r®i]a to place it. Thus he commences his description of the instrument in the fol¬ 
lowing terms i De instrumento, cui uni aptum eedificiuna, jam per 25 annos 

'.exop^yl, ,sed nunquam ohtinere licuit.” (^^Miscellanea J^et'oliniensia, tome iii., p, 277.) 
f Astronomiae, p. 55. » tr / 
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Roemer, in hia views of practical astronomy, seems to have been far 
in advance of the age in which he lived. He makes some admirable 
remarks on this subject, in a letter dated December 16, 1700, addressed 
by him to Leibnitz;, who had solicited his opinion upon the most suitable 
plan of an observatory. I diifer very widely,” says he, from those 
who have hitherto decked out observatories more for show, than for use, 
accommodating the instruments to the buildings rather than the buildings 
to the instruments. ” * * * § The illustrious Dane, while writing these lines^ 
had doubtless a vivid recollection of the magnificent Observatoir^ dg 
parade on the banks of the Seine, and of the expedients which Picard 
and himself were compelled to adopt, while endeavouring to fi?; a quadrant 
in the plane of the meridian, in the year 1678 i- The superiority of cir¬ 
cular instruments, when compared with the quadrant and sextant, did not 
escape his sagacity: “ I do not concur with others,” says he, in their 
opinion respecting the construction of instruments, since I consider that 
the use of the quadrant and sextant should be altogether abandoned, 
for I would place more confidence in a circle of four feet, than I would in 
a quadrant of ten feet.”§ He then proceeds to describe the plan of an 
observatory, which he had long desired for himself, and the character 
of the instruments which he designed to employ in it. In both these 
respects his wishes were fully realised a few years afterwards, as ap-r 
pears from the following description of his Rural Observatory, given by 

Horrebow:— , . 

“ The ‘ Observatorium Tusculaneum ’ of Roemer was built in an open 
situation upon a gentle eminence, a little to the west of the ancient 
observatory. It was 17 Danish feet in length, the walls were 6^ feet 
high outside and 6| feet inside. The observations in the meridian 
were made with an instrument termed the JFlota WdeTidiana, or [Meridian 
circle. It consisted of a circle of 5^ feet in diameter, revolving in the 
plane of the meridian at one of the extremities of a horizontal axis of 
equal length. A telescope 5 feet long was attached to the eastern face 
of the circle. The intrument rested upon two solid supports of fir-wood, 
fitted with bars of metal into which the extremities of the axis were 
inserted. In order to prevent flexure, the axis was composed of two 
hollow cones of iron attached at their bases. The focus of the telescope 
was traversed by seven vertical and three horizontal threads. The divi¬ 
sions of the instrument were read by means of two microscopes fixed op-, 
posite the face of the circle at a distance of 10° from each nther. The 
mode of reading off was similar to that practised in the ease of the mstru^ 
ment already referred to. In order that the instrument might command 
the whole of the meridian from the northern to the southern horizon, a 
continuous fissure about -4 inches broad, was formed in the walls and roof 
of the building, the parts being united by iron bars only in those places 

where no stars were apparent. ‘ • i,- 

Roemer did not fail to verify his instrument before commencing his 


* Miscellanea BeroUnieosia, tome iii., p. 277. t M Arago, 1845. 

+ Horrebow, in his Basis Astronomice, cites a statement of Roemer s to the efect that 
he, in conjunction with Picard, fixed a mural quadrant m the plane of the meridian, a 
th^ Royal Observatory of Paris, in the year 1678. This seems to be contradicted by La 
Hire, who asserts that the mural quadrant was adjusted permanently in its on^ in 

the year 1683. It is probable that the expedient employed by Picard and Roemer was 
merely of a temporary nature. 

§ Miscel. Berol., tome iii., p. 277. 
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observations with it. The deviation of the optical axis of the telescope 
from a line perpendicular to the axis of rotation, or in other words, the 
error of collimation, was ascertained by reversing the instrument. As 
this mode of verification was troublesome, he subseq[uently effected the same 
object by observing two distant marks in the horizon, diametrically opposite 
to each other. The horizontality of the axis of rotation was ascertained by 
means of the plumb-line. The adjustment in the plane of the meridian 
was effected by the aid of observations of Oapella and ot Lyrse, during 
their passages above and beneath the pole. 

The other instrument employed by E,oemer in his Observatory was a 
telescope revolving in a plane perpendicular to the meridian. It was fur¬ 
nished with a system of vertical threads at its focus, similarly to the tele¬ 
scope of the meridian circle, being designed to be used in observing the 
passage of the celestial bodies across the prime vertical 

In order to exhibit an illustration of his mode of observing, Roemer drew 
up a list of the declinations and right ascensions of certain stars, deter¬ 
mined by him with the meridian circle on three consecutive nights in the 
month of October, L706. This small collection received from him, in. 

* It is to be regretted that Delatnbre, who was so erainently qualified to appreciate the 
value of the improvements in practical astronomy effected by Roemer, has allowed his 
mind to be so overruled by preconceived notions as to have been betrayed into a com¬ 
plete misrepresentation of the labours of that astronomer on the present occasion. Thus, 
in his description of the Ohservatorinm Ttisculaneum, the following extraordinary pas¬ 
sage occurs:—“ On y voit deux portes, quatre fenetres, un lit, une cheminee, quatre 
horloges, et deux lunettes, Tune meridienne, I’autre, plus petite, qui tournait dans le pre¬ 
mier vertical. Mais ce qu’il y a de singulier e’est que de quatre fenetres, deux sont dans 
la direction de I’axe de rotation, et qu’ une seule tout an plus parait etre dans la direction 
de la lunette principale (Planche VIIL), et que la Planche III. destin^e principalement si 
faire connaitre I’instrument, et qui nous montre Roemer occupy a observer, parait prouver 
l’impossibilit6 absolue de dirigerla lunette au nord ; et quand tout serait ouvert, et la lunette 
tournee au nord, on ne concevrait pas mieux comment I’observateur pourrait passer du c6t6 de 
I’oculaire.” A.st^ Mod. tom. ii., p. 654). It will be evident to any person who be¬ 

stows even a passing glance over the pages of Horrebow’s JBasis Astronomice, that Delambre, 
in the foregoing passage, confounds the Ohservatorium JDomesiicwwi fitted up by Roemer in 
a comer of his house in the year 1690, with the more complete edifice erected by him in 
1704, which is denominated by Horrebow the Ohservatorium Tttsculaneum. In fact, 
Plate III. refers to the former of these observatories, and to the original transit instru¬ 
ment (termed by Horrebow the JMachina. Domesticd^, while, on the other hand, Plate 
VIIL is intended to represent the Tusculan Observatory with the Rota Meridiana and 
the prime vertical telescope. It has been mentioned in the text that the observations 
with the Rota Meridiana, instead of being made at a window barely opposite to the 
telescope, as Delambre seems oddly enough to imagine, were in reality made through a 
fissure in the building, situate exactly in the plane of the meridian; and that so far from 
its being impossible to direct the telescope towards the north, the extent of the fissure 
allowed its being directed to any point in the meridian included between the northern 
and southern horizons. The following words of Horrebow are so explicit upon this 

point that it seems incredible that they should have escaped the notice of Delambre :_ 

“Ut autem tubo cum machina primaria M (Rota Meridiana) circumvoluto totus meridi- 
anus ab horizonte australi per zenith usque ad horizontem borealem pateret, parietes 
sedificiicum tecto acuminate rimam continuam habebant quatuor pollices latam, . 
{Basis A.stro'nomiae,'^. 141). The following remark of Delambre’s in reference to the 
same subject is, perhaps, still more calculated to excite astonishment than anything that 
h^ yet been cited:—“ Horrebow regrette qu'on n*eut pas la faculty observer les etoiles 
circumpolaires s ses planches paraissent demontrer cette impossibilite et cependant la 
polaire; la tete du Dragon, la Lyre, la tete et la queue du Cygne, deux 6toiles de la 
queue de la Grande Our^, ont et4 observ6es au dessous comme au dessus du p61e.” 

Ast. 2i{bd., tom. ii., p. 654). The words in Italics, which are so inserted in the 
on^nal, with the evident intention of impressing their significance more strongly upon 
the reader, afford a remarkable illustration of the facility with which a person may be 
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consequence, the appel]atioii of the Triduum. Unfortunately, it con¬ 
tains the only results of his labours that have been preserved, all his other 
observations having been destroyed during the fire of 1738. In accuracy 
they are surpassed only in a slight degree by the observations of the pre¬ 
sent day. The passages across the meridian are generally observed at the 
three vertical threads, or ivires of tlie focus, as they are now technically 
termed. The time is in several instances assigned to fractions of a second. 
It is no mean tribute to the memory of Roemer, that the observations of 
the Triduum constitute the earliest collection of facts that have been 
deemed worthy of being employed as data in the solution of the great 
problem of modern astronomy—the motion of the Solar System in space. 

The Tusculan Observatory was built in the year 1704, and in the month 
of December of the same year, Roemer commenced his labours in it^ 
which, he continued to prosecute till his death in 1710 Horrebow states 
that the observations made by Roemer during this period, filled three large 
folio volumes, and equalled in number those of Tj’^cho Brahe. The ob¬ 
servations were continued after the death of Roemer, till the autumn 
of 1711, when the Observatory, by some unexplained casualty, was de¬ 
stroyed f. The instruments, which sustained great injury on this occasion, 

* were transported to the ancient Astronomical Tower, where, with all the 
observations, except the Triduum of Roemer, a copy of which was safely 
deposited in the hall of the Academy, they were finally consumed by the 
dreadful fire of 1738. 

Roemer was the first person who constructed an altitude and azimuth 
circle. Tycho Brahe and Hevelius had made use of quadrants moveable 
about a vei-tical axis, hut Roemer did not fail to perceive that such instru¬ 
ments were essentially defective. The diameter of the vertical circle of 
Roemer’s instrument was three feet five inches ; the diameter of the azi¬ 
muth circle was three feet eight inches. The instrument was chiefly used 

betrayed into error upon any subject, when, instead of eai-efully examining facts, he 
allows his mind to be so wholly engrossed by his own favourite ideas as to look for nothing 
else except what may appear to corroborate them. We venture to assert, that the words 
above cited are not to be found anywhere in the book which Delambre professes to be 
analyzing. Indeed, it is obvious that they are utterly inconsistent with Horrebow’s de¬ 
scription of the Tusculan Observatory, the edifice to which they relate. Delambre him¬ 
self has not failed, in the above passage, to remark that the regret expressed by Horrebow 
is at variance with the fact of several circumpolar stars having been observed by JRoemer ; 
but it seems wholly unaccountable that he was not thereby induced to look more nar- 
. rowly into the subject, so as to discover the origin of this apparent contradiction. It is 
not difficult to trace the passage in the JBasts ^stronomicB which Delambre has so griev¬ 
ously misinterpreted (see p. 151 of the work just cited), but it is manifest that only the 
most unwary explorer of that work, seduced by some mental hallucination, could have 
been ensnared by such a passage. 

* Delambre remarks, that as the observations which form the basis of Roemer’s 
fragment on the annual parallax of the terrestrial orbit, inserted by Horrebow in 
asis ^stronomi/s, were made by Roemer in the year 1692, they were anterior to the 
erection of the Tusculan Observatory, and he therefore concludes that w'e are totally ig¬ 
norant of the kmd of instrument employed by Roemer m these observations. (Ainsi 
nous ne savons pas quel instirument il a employ^ dans ces ohservations. Hist. Ast. Mod., 
tom. ii., p. 640.) This is another striking instance of the mistakes into which Delambre 
has fallen by confounding the Observatorium Domesticum of Roemer with the Observa- 
torium Tusculaneum. The observations referred to were, in fact, made at the former of 
these edifices, (which was fitted up as early as 1690,) with the original transit instrument, or 
ifachina JDomestica, already described in the text- 

+ Horrebow simply says— I*ostea desolatum estobservatorium." From this expression, 
and also that which follows, atque instrumenta jam magnis ictihus Tracta" it would 
seem that the building was overthrown by the violence of some dreadful storm. 
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in observing corresponding altitudes of the snn and stars, for the purpose? 
of regulating the clock, and adjusting the positions of the meridional in- 
stFUToaents. 

Hoemer also constructed an equatorial instrument, by means of vyhieb 
b.e was enabled to follow a celestial body tbroughoufc the whole of it» 
course above the horizon, and also to measure the differences of the right 
ascensions and declinations of two stars situate very near to each other* 
Horrebow states that the object for which Roemer expressly constructed 
this instrument, was to determine the parallaxes of the planets, by mea¬ 
suring their distances from the neighbouring stars at different altitmdeSr 
above the horizon. We have seen that in 1665 Hooke proposed to effect 
the same object, by making observations of a similar kind in the meridian 
under different latitudes. 

There are few individuals, of ancient or modem times, who effected 
improvements in practical astronomy equal in importance to those due tOf 
Roemer. It is a remarkable fact that the Meridian Circle, the Altitud® 
and Azimuth Circle*, and the Transit Telescope, all of which were 
invented by this astronomer, form the capital instruments of the Central 
Observatory of Russia, erected recently at Rulkowa, the most magnificent 
institution that has been established in ancient or modern times for the 
purposes of astronomical observation. 

Horrebow, who in 1710 succeeded Roemer as Astronomer Royal of Den¬ 
mark, has given a detailed account of the catastrophe which resulted in 
the destruction of the astronomical observations of Roemer, as well as all 
those made by himself. He had been engaged at his own house on the 
evening of October 20, 1728, in writing a commentary upon a fragment. 
of Roemer’s on the Annual Parallax of the Terrestrial Orbit, which be? 
had a short time previously discovered among the manuscripts of that 
astronomer, when his attention was aroused by a confused noise of drums 
and bells, announcing that a serious conflagration had broken out in the 
city As the place where the fire was raging, was at a considerable dis¬ 
tance from his own house, he was for some time in hopes that it would he 
extinguished without occasioning him any inconvenience. The wind, 
however, having unfortunately shifted about eight o’clock in the evening, 
the fire now began to approach his own dwelling-house. Presently frag¬ 
ments of burning material fell into his court, while other portions, alight¬ 
ing on the roof of his house, threatened it with instant danger. There 
was now no time to be lost. His maid-servants were hastily conducted 
out of his bouse, along with eight children, four of whom were in a state 
of nudity, while the nurse carried in her arms an infant which had been 
only recently born. His wife and his eldest son, a youth of sixteen years 
of age, remained with him, and, with other friends, assisted in transport¬ 
ing his effects to the Hall of the Academy. This new place of refuge 

* The use of the Vertical Circle of Pulkowa is indeed different from that of Roemer’s 
instrument, being employed naainly in observing the celestial bodies a few minutes before 
and after their culmination. 

*)• The mode in. which poor Horrebow endeavours to bring the dreadful catastrophe be¬ 
fore the mind of the reader is •quite dramatic- He supposes himself to be engaged in 
writing his commentary, and to be interrupted in the midst of his labours (as was really 
the case) in the following manner :—“ Namqueex observationibus ab anno 1692 usque ad 
1702 ipsum heatum authorem parallaxia orbis annul deduxisse ex tota dissertatione, ira- 
pndpais, § 160, clarum est. Sea quid audio I TumuUus horrmtum in jplateis cursitantium 
dt f Sbnitus fistularum, tympanorum, campananim, JEheu ! incendium 

virear et incrementa sumens. Die 20 Octob. 1728, hor. 7, vespert, (^JBasisr 
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being ere long threatened with contiagmtbn also, Herrebow wm ©ompelled 
to remove his effects to the Astronoanieal Tower. His wife, worn eat 
with fatigue and anxietj, went in g|mest of her children, while he, with 
his eldest son, stationed himself in the Tower, whence he could perceive 
his house falling a prey to the fury of the ftamies. About four o’clock in 
the meming of the JJlst of Octoher, the wind having again shifted, the 
fire began to threaten the Astronomical Tower. By this time the avenue 
to the superior part of the Tower, where Horrebcw bad stationed, himself, 
was almost completely blocked up with a multitude of effects wkiehhad been 
deposited for safety by various persons, sc as nearly to prevent his descent. 
The near approach of the fire now suggested the certain conviction that 
the Tower would speedily hecome a prey to the flames. The occasion for 
taking some decisive step was therefore urgent. Some bedding which he 
had thrown out at a window, was immediately taken away by thieves. He 
had now to consider only his personal safety. Before leaving his own 
house he had searched out some manuscripts and a few engravings, which 
he locked up in a desk, and brought along with him to the Towei’. Being 
anxious to carry away as much of what was really valuable as he possibly 
could, he was desirous of leaving the desk behind him, but amid so much 
confusion he lost the key, so that he was unable to obtain access to the 
manuscripts which he had locked up in it, and be was in conseq^uence re¬ 
duced to the necessity of carrying it bodily along with him. This unfor¬ 
tunate circumstance prevented him from carrying away other things of 
greater value. The descent to the bottom of the Tower had now become 
extremely hazardous. Abandoning, therefore, everything except the desk, 
he hastened down with it at the risk of his life, and escaped at one of the 
doors in a state of mind bordering upon complete distraction. Shortly 
afterwards the Tower was enveloped in flames, and all that was contained 
in it irrecoverably perished ! 

Horrebow states that he was anxious to record these particulars, 
lest it should be thought by posterity that the astronomical observations 
made by Roemer and himself had perished through any fault on bis part. 
Doubtless no one who reads his sad tale will ho disposed to harbour such 
an accusation against liiin, or to cherish towards him any other feeling 
than that of deep commiseration for his irreparable misfortune. Notwith¬ 
standing the many valuable articles of his own which perished on that 
occasion, he asserts that there was nothing which he regretted at the 
time, or which he still continued to regret, except the loss of these obser¬ 
vations. He congratulates himself, however, on having rescued from the 
flames the fragment of Hoemer’s on the Annual Parallax of the Terres¬ 
trial Orbit. 

We now resume the history of the Royal Observatory of Greenwich. 
Flamsteed, who was appointed Astronomer Royal, was bom at Denby, 
near Derby, on the 19th of August, 1646. His early predilection for 
astronomy is evinced by an observation of an eclipse of the sun made by 
him in the year 1662, the record of which appears among his MSS. pre¬ 
served at Greenwich. He continued to make observations of celestial 
phenomena at his,native place, till the year 1674, when he was induced by 
a circumstance, to which allusion has already been made, to transfer his 
residence to Dondon. When he entered upon his duties at Greenwich, 
he found that the Government had made no provision to enable him to 
prosecute his observations, by furnishing the establishment with a collec¬ 
tion of suitable instruments. The only appliances which he possessed for 

H H 2 
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this purpose, "were an iron sextant of seven feet radius, and two clocks 
given him bj his kind patron, Sir Jonas Moore, and a quadrant and two 
telescopes which he brought with him from Derby. The angles were 
measured with the sextant by the aid of a contrivance which Hooke had 
suggested in his “ Animadversions on the llachina Celestis of Hevelius.” 
A screw working upon the edge of the instrument (which wes racked for 
this purpose) imparted a slow motion to the moveable index, upon the end 
of which it was fixed, the angles being measured by counting the revolu¬ 
tions and parts of a revolution of the screw. The clocks were made by 
Tompion, the most celebrated artist of the day. The pendulums were 
thirteen feet long, and made each a single vibration in two seconds of 
time. The clocks required to be wound up only once in twelve months. 
The quadrant which Flamsteed brought with him from Derby had a radius 
of three feet, and was employed by Mm in regulating his clocks by means 
of the observed altitudes of the sun or stars 

Flamsteed commenced his labours at the Royal Observatory of Green¬ 
wich on the 5S9th of October, 1676. The plan of observation at first 
pursued by him was the same as that practised by Tycho Brahe and the 
earlier astronomers. The intermutual distances of the stars were deter¬ 
mined by observation, and their positions relative to two great circles in 
the celestial sphere were deduced from these results by trigonometrical 
calculation. Flamsteed had not long continued his observations, when he 
found that Hooke’s contrivance for measuring angles with the sextant 
could not be implicitly confided in. He, therefore, drew diagonals upon 
the limb towards the end of the year 1677, and subsequently ex¬ 
pressed each angular distance determined with the instrument not only, as 
Mtherto, in terms of the revolutions and’ parts of a revolution of the 
screw, but also in degrees, minutes, and seconds. This practice w’as 
found by him to be very useful in checking any inaccurate reading of the 
observations. ; 

In order that he might be enabled to deduce useful I'esults from his 
observations, Flamsteed was desirous of ascertaining the latitude of liis ob¬ 
servatory, the place of the equinox among the stars, and other points of 
essential importance; but these objects could not be effected by means of 
the sextant, which served only to determine the apparent positions of the 
celestial bodies relative to each other. He perceived that for this purpose 
a mural quadrant was necessary, and therefore as soon, as he entered the 
observatory he endeavoured to obtain one. Shortly afterwards, Hooke 
was charged by Sir Jonas Moore, to construct a mural quadrant of ten 
feet for the observatory; but the instrument, when completed, was found 
to be totally unmanageable. Flamsteed, therefore, now began to think 
how he might take meridional altitudes with his sextant, and be so far 
succeeded in his object as to be enabled, in 1677, to determine by its aid 
the latitude of the observatory, which he found to be 51° 2S' lO''. 

Flamsteed now proceeded to correct the elements of the solar theory 
by means of his own observations. He devised on this occasion an inge¬ 
nious method for determining the absolute right ascension of the sun. 

* Flamsteed states that he continued to use this quadrant till June, 1678, when he 
oMcdned a neater one from the Royal Society, which, however, he was compelled to 
to its owners in the naonth of October, of the following year. This circumstance 
indictedto construct a new quadrant of 50 inches radius, fitted with peculiar contri- 
vMiciisSi rneaiis of which he was enabled to ascertain, the time from observation within 
three q/* Flamsteed, p. 45.) 
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He remarked that by oTbserviug the meridional altitude of that body neair 
each e(juiuox, two times iniglit be found when he had the same declina'r 
lion ; and by the tables, the intermediate arc described by the sun might 
be found, half of whose excess above a semicircle (if it were more than 
one), or half of whose defect (if it were less), would he his true distance 
from either equinox at those times This idea forms the germ of a fun¬ 
damental method of great importance which astronomy owes to Flam^ 
steed, and which we shall presently have occasion to allude to more par¬ 
ticularly. 

Finding by experience that the sextant was veiy ill adapted for deter¬ 
mining the meridional altitudes of the celestial bodies, and that the 
Government was not disposed to supply him with, a mural arc, Tlamsteed 
resolved to construct an instrument of the latter description at his owri 
expense. This design was carried into effect by him in the j’-ear 1681; 
but the instrument was not fixed in the meridian till 1683. It was 
of the same radius as the sextant. The arc was made equal to 140® 
in order to allow observations being made of all the stars which passed 
the meridian between the north pole and the southern horizon. Being 
very w'eakly constructed, the instrument was found to have warped when 
placed in the meridian. Flamsteed, however, was of opinion that with 
due care it might be usefully employed notwithstanding this defect. Ac¬ 
cordingly, during the period inolq,ded between the years 1683 and 1686 
he continued to determine the altitudes of the celestial bodies with it, 
and in the following year he constructed a small catalogue of stars to serve 
as points of reference in his future observations, founded upon the results 
obtained by the aid of this slight' arc and the sextant f. 

Having acquired possession of a small property hy the death of his 
father in 1688, and seeing no prospect of being furnished with any instru¬ 
ments by the Government, Flamsteed now resolved to construct a strong 
mural arc at his own expense. He had already commenced operations for 
this purpose when, liis assistant Stafford dying in the month of May of 
the year above-mentioned, he engaged in. his service the celebrated Abra¬ 
ham Sharp I- According to his plan of the instrument, the edge was to 

Baily’s Xj/e of Flamsteed, p. 50. 

+ This was a catalogue of 130 stars reduced to the year 1686, which he continued to 
use in computing from his observations the places of the moon and planets, even for some 
time after he had commenced his observations with the mural arc in 1689. 

Abraham Sharp wp born at Tittle Horton, near Bradford, In Yorkshire, about the 
year 1651. After receiving the elennenfs of a sound education at his native place, he was 
put as an apprentice to a merchant in Manchester; but having no natural inclination to¬ 
wards commerce, he quitted his situation with his master’s consent, and subsequently 
opened a school in Liverpool, at the same time cultivating an acquaintance with mathe¬ 
matics and astronomy. Shortly afterwards he removed to London, where he became, 
known to Flamsteed, who was then about to assume the superintendence of the Royal 
Observatory of Greenwich. In 1688he w'as appointed by Flamsteed to be his assistant, on* 
which occasion he constructed the famous mural arc with which that astronomer made the 
most valuable part of his observations. Finding that the fatigue of night observation did 
not suit his weakly constitution, he retired to his native place, where he spent the re¬ 
mainder of his days, living upon the proceeds of a small p^rimonial estate. Here he 
erected an observatory, which he fitted up with instruments all of his own construction. 
He also made his own telescopes, ground his own lenses, and constructed all sorts of tools 
used by artificers, besides conti-iviog and executing a great variety of ingenious pieces of 
mechanism. Moreover he is the author of a mathematical work containing a collection, 
of most elaborate tables relating chiefly to logarilhms. Although he lived in great re¬ 
tirement, he carried on an extensive epistolary corre.spondence with Newton, Halley, and 
all the most celebrated mathematicians of his time. In private life he was most exem- 
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be racked -so as to measure the angles by Hooke’s method, while at the 
same time, as in the case of the sextant, diagonals were to be drawn upon 
the limb. Sharp, who was at once an ingenious naathematician, an expert 
calculator, and a skilful mechanic, racked the edge of the limb, prepared 
the index, and fixed the arc on the wall. Afterwards he divided and en¬ 
graved the limb “so exquisitely,” says Flamsteed, “as to excite the ad¬ 
miration of every beholder." The instrument was not completely ready 
for use till the month of October, 1689. E’ourteen months were occupied 
in its erection, and the total cost to Flamsteed Avas no less than one hun¬ 
dred and twenty pounds, not one farthing of which was ever refunded to 
him by the Government, 

The mural arc erected by Flamsteed on this occasion was made equal to 
140°, as in the case of the former instrument of the same description. 
Its radius was 79 inches in length. The limb was, in. the first instance, 
divided to every 5', and was then subdivided into smaller parts by 
means of diagonals. For this purpose the fiducial edge of the moveable 
index, included between the outer and inner arcs of the instrument, was 
divided into five parts so as to indicate minutes *, and each minute was 
subdivided into six equal parts, each equal to 10'', which again might be 
bisected by estimation so as to obtain a final subdivision to every 5". 

Before commencing his observations with the mural arc, Flamsteed 
took the precaution of ascertaining whether the zero point of division had 
undergone any alteration with respect to the. zenith, during the interval 
that had elapsed since it was marked upon the limh. This was effected by 
observing certain stars near the zenith, first with the instrument itself 
attached to the eastern face of the meridian wall, and then observing 
the same stars with the telescopic index of. the instrument transported to 
the western face of the wall. Half the difference of the zenith distances 
of each star determined in this manner, gave the corresponding error of 
collimation of the instrument, and the mean of all the results gave the 
mean error of collimation. From observations of this kind, Flamsteed 
found that the zenith distances of those stars which passed the meridian 
towards the north, were all too great as determined by the instrument. 
The error on the 11th of September, 1689, amounted to 45". In the 
course of his subsequent observations, he found that the error increased 
slowly in the same direction every year, a circumstance wliicli he at¬ 
tributed to the gradual sinking of the southern extremity of the Avail to 
which the instrument was attached. He did not fail, therefore, to deter¬ 
mine from time to time, by means of suitable observations, the amount of 
deviation arising from this cause. He remarked that the stars in the feet 
of the constellation G-emini afforded peculiar advantages for this purpose; 
for being situate near the solstitial colure, they Avere liable to change very 
slowly from the retrograde motion of the equinoctial points, and, being at 

plary. He died oa the 18th of July, 1742, in the ninety-first year of his age. The 
delicacy of Sharp’s hand for manipulative operations was exquisite. He is generally 
admitted to be the first p^-son who cut divisions on astronomical instruments with any 
pretension to accuracy. HI is also the first of those remarkable men by the aid of whose 
mechanical talents the Astronomers of the Royal Observatory of Greenwich were enabled 
to execute the series of observations which have won for that establishment its unrivalled 
ne^mtation. 

V intervals in this case, being the results of a strict mathematical process, were not 
but the difiference between two consecutive divisions could scarcely be con- 

satderie4 
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tlie same time not far removed from tJae eoHptic,' they were subject to cujy 
a very email error in the same dir^ion itoiai the parallax of the 'earth’s 
orbit*,.' 

Flamsteed’s next object was to ascertain the errors produced by the in- 
striiment, on the right aseensious of the stars— Hie remarked that such 
errors might arise either frc-m the plane of the in,strament not being 
exactly in the meridian, or from the object-glass of the telescope not being 
properly adjusted in its cell. JEIe proposed to deteraaine by one process 
the combined eiSect due to these two causes. This object he a-ccomplished 
for all altitudes included between the equator and the northern tropic, by 
comparing the times of the sun’s passage over the meridian, as deduced 
from observations of equal altitudes on each side cf that circle* with the 
corresponding times obtained directly by the aid of the instrument., in this 
mapner he found that at 40° of zenith distance, the transit of a celestial 
body, when observed with the instrument, took place 33 seconds earlier tbia.-n 
the true time. The errors for the parts of the arc, comprised between 
the tropic and the north pole, and between the equator and the southern 
horizon, were found by comparing the differences of the right ascensions 
of several bright .stars, derived from observations of their intermutual 
distances with the sextant, with the corresponding results deduced from 
observations with the instrument itself- Having thus ascertained the errors 
of tlie plane of the instrument at various zenith distances throughout the 
whole extent of the arc, Flamsteed arranged the results in a table, which 
he continued to use from the year 1690, in determining by observation 
the right ascensions of the stars 'f. 

Flamsteed commenced his course of regular ohsermtions with the 
mural arc on the 11th of September, 1689. But before he could deduce 
any useful results from them, it was necessary for him to determine the 
latitude of his observatory with greater accuracy than he had hitherto 
done. From observations of the least and greatest altitudes of circum¬ 
polar stars, he finally concluded its true value to be 51.° 28' 34". He next 
proceeded to derive from his observations, the obliquity of the ecliptic, 
and the other fundamental points of astronomical science. His labours 
on this occasion are distinguished by considerable originality and address. 
The most important part of them is that which relates to the determina¬ 
tion of the absolute right ascension of a celestial object. It has been, 
already mentioned tbat he succeeded in determining the place of the sun 
with respect to the solstice, by observing that body at equal altitudes near 
the equinoxes, and halving the intermediate arc. The magnitude of this arc, 
however, could only be ascertained by computation, and consequently the 
accuracy of the result depended in a great degree upon the solar tables. 
Flamsteed eluded this source of error by a process which enabled him to 
determine not merely the place of the sun with respect to the equinox, 
but also the places of the stars relative to the same point. For this pourpose 
the interval between the times of the sun’s passage over the meridian and 
that of a bright star near the equator, was noted by the aid of the pen¬ 
dulum clock, on the occasions when the sun attained the same meridional 
altitude near the two equinoxes. Now since the sun has been continually 

* Historia Cselestis, vol. iii., p. 112. 

f Hist. CBel., vol. iii., p. 133. This table does not appear in the Historia Ccelestis, 
but Mr. Baily found it among the manuscripts of Flamsteed, and bas inserted it in his in¬ 
teresting collection of memorials respecting the astronomer.—(See Xjfe of Flam¬ 
steed, p. 374.) 
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travelling in. Vtig orlbit, during tlie -period included l^etween the two observa¬ 
tions, while bn the other hand the position of the star is invariable, it is 
manifest that the excess of the second of these intervals over the first, 
■when converted into space by supposing every 15® equivalent to an hour, 
will indicate the arc of right ascension described by the sun during tlie 
intermediate period. The half of this arc then gives the distance of the 
sun from the solstice at either observation, and since the difference of tlie 
right ascensions of the sun and star is known by the clock, the distance 
of the star from the solstice is also at once ascertained. 

It is obvious that the practice of observing a star in connexion with 
the sun according to the above method, is attended with a twofold advan¬ 
tage. In the first place it serves to determine the right ascension of the 
sun independently of the solar tables, by affording an accurate ineasure- 
ment of the arc described by that body, during the interval of time that 
elapses between the two ohservations. Secondly, it leads at the same time 
to a knowledge of the absolute right ascension of the star. According to 
every method hitherto practised by astronomers, the ascertainment of the 
absolute right ascension of the sun was effected by noting the time o^. his 
passing through the equinox, and calculating his subsequent motion by 
the aid of the solar tables. The places of the stars with respect to the 
equinox were then determined by measuring the distance between the sun 
and a bright star, employing for this purpose the moon or Venus, as the 
intermediate object of observation. The method of Tlamsteed had the 
advan-fage of assigning an easy and direct pmcess by means of which the 
right ascensions of the sun and star might be simultaneously determined. 
Moreover, since the altitude of the sun is supposed, according to this 
method, to be the same at each of the two extreme observations, the final 
results are not affected by any uncertainty in the values of parallax or re¬ 
fraction. They are also, independent of a knowledge of the latitude of 
the place of observation, an element which entered essentially into all 
the ancient methods for determining the place of a celestial body with 
respect to the equinox. 

The absolute right ascension of any one star being accurately deter¬ 
mined, the right ascensions of all the others may be readily found by a 
comparison with the fundamental star. In the year 1690 Flamsteed 
determined the absolute right ascensions of no less than forty stars by 
comparing them directly -with the sun in the mode above described, and 
employed the results in establishing a series of j^oints of reference to aid 
him in his future observations. By his laboiu’s on this occasion his name 
has become imperishably associated with one of the fundamental methods 
of astronomical science. 

Having established the elements of the solar theory and other points 
of primary importance, Flamsteed was now enabled to derive from his 
ohservations the absolute positions of the celestial bodies. He therefore 
proceeded to compute the observed positions of the moon and planets, 
with the view of making the results subservient to the rectification of the 
theory of their movements. He also commenced the formation of a cata¬ 
logue of the fixed stars upon a more extensive scale than any which had 
been hitherto executed. It must be acknowledged that in the prosecution 
of these arduous labours, he received very little assistance from the Go¬ 
vernment. They had not hitherto furnished the observatory with a single 
instrument,^ nor did they allow him even the smallest sum for the occa¬ 
sional repair of such instruments as he was actually using. When he 
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commenced his observations, they assigned to him “ a surly labourer ” to 
manage the sextant, but they seemed to imagine that the salary of a hun¬ 
dred pounds a year which he received was amply sufl&cient to ensure his 
own performance of all the other duties connected with the observatory 
To execute such a task, however, was manifestly impossible. Under 
these circumstances he was cempelled to procure, an assistant, by paying 
him a small salary out of his own pocket. To meet the expenses which 
the illiberal treatment of the Government thus entailed upon him, he was 
for some time reduced to the necessity of adding the profession of teacher 
to his usual avocation. Well might he remark that he earned the salary 
doled out to him by labour harder than thrashing f. The difficulties of 
his situation were further aggravated by the possession of a feeble frame 
of body, and the periodical attacks of a painful malady to which he was 
constitutionally subject. 

The illustrious Newton was the first person who availed himself of the 
observations made at the Royal establishment of Greenwich. In the 
years 1694—6 he obtained from Flamsteed a considerable number of ob¬ 
served places of the moon, Avhich proved very serviceable in guiding him 
to a knowledge of some of the more hidden inequalities in the motion of 
that body, and thereby affording a seasonable confirmation of the theory of 
universal gravitation 

Notwithstanding the numerous disadvantages against which he had to 
struggle, Flamsteed continued with unremitting assiduity to labour in the 
discharge of his duties, and he confidently looked forward to the prospect 
of being one day enabled to present the results of his obseiwations to the 
world in a satisfactory form, although he clearly saw that, if left wholly to 
his own resources, it would be impossible for him to obtain a speedy 
realisation of his wishes in this respect. Unlike many astronomers, lie 
did not content himself with merely accumulating a mass of observations, 
leaving to others the task of reducing them to a form w^hich might render 
them available for any useful purpose. Much of his time was occupied 
with the formation of his great catalogue of the stars, and with calculating 
from his observations, the places of the moon and planets ; and it was his 
desire not to commence the publication of the observations until both these 
objects were fully accomplished, so as at the same time to be enabled to 
place within the reach of the public not merely the observations them¬ 
selves, but also the i* * * § esults directly deducible from them §. 

* The paltry salary which he received was subject to a tax of ^610, so that in reality it 
md not amount to more than «690 a jear. Even this pittance, however, seemed to the 
Government to be more than an adequate remuneration for his labours, for at one time in 
the early part of his career they annexed to his duties the task of instructing in nautical 
astronomy two boys of Christ Church Hospital. 

f Baily’s of JFlamsteed^ p. 117. 

i For the Mrrespondence which took place between Newton and Flamsteed on this 
occasion, see Baily’s Zife of Flatnsteed, pp. 133-160. 

§ That Flamsteed seriously contemplated the publication of his observations at some 
luture period, even although he should obtain no assistance from any quarter, is evident 
Q a letter dated October 26, 1700, addressed by him to Dr, 

femitn ox UxTord: ‘‘ Briefly, sir, I am ready to put the observations into the press, as 

soon as they that are concerned shall afford me assistants to copy them and finish the cal- 
culatio^. But if none be afforded, both they and I must sit down contented, till I can 
hnish them with such hands as I have ; when I doubt not but to publish them, as they 
ou^t to be, handsomely and in good order, and to satisfy the world, wliUst I have been 
barbarously traduced by base and silly peoj)le, that I have spent my litue much bettor 

r satisfy them, I had published anything sooner and imper- 

fcct.”~(Baily’s Zife of Flamsteed, p. 746.) i 
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"WMl© Flamsteed was thus strOuuously endeavouring, by bis own un¬ 
aided eSbrbs, to give a definite shape to his labours, sevei^al of his scientific 
eOntempoxaries began to express a feeling of impatience that the publica¬ 
tion of the observations made at the Hoyal Observatory of Greenwich 
should be so long delayed. He was induced by this circumstance to draw 
up an estimate of the extent of the work which he was preparing for the 
press, stnd of the plan according to which he was desirous that it should 
be published This estimate was read at a meeting of the Ro^’^al 
•Society held on the 15th of Novemher, 1704, and I'eceived the unanimous 
commendation of the members. Prince George of Denmark, the Queen’s 
consort, who was shortly afterwards elected a member of the Society, 
having been informed of the labours of JFlamsteed as announced in this 
exposition, generously undertook to defray the expense of their publica¬ 
tion, and, with a view to this object, a committee, consisting of Newton, 
Wren, and two or three other individuals, was appointed to inspect the 
■manuscripts. The committee recommended that all the observations 
should be published, and Flamsteed was instructed forthwith to prepare 
them for the press. Flamsteed complied with the demands of the com¬ 
mittee, surrendering into their hands a copy of his observations, and also 
a catalogue of the fixed stars which he had deduced from them. As the 
catalogue was not complete, he merely deposited it with the committee, as 
a guarantee for his furnishing them on a future occasion with a more 
perfect copy, expressly stipulating that in the meantime no steps would be 
taken towards its publication. In the month of May, 1700, the printing 
of the observations was commenced, but it proceeded very slowly, and was 
at length interrupted entirely for some time by the death of Prince George 
of Denmark in 1708. 

On the 13tb. of December, 1710, the Queen issued a warrant appoint¬ 
ing the President of the Royal Society, and such other members of the 
Couucil of tbe said Society as he should think fit, to be "Visitors of the 
Royal Observatory of Greenwich. They were authorized to demand of 
the Astronomer Royal to deliver up to them within six months after the 
close of each successive year, a true and fair copy of his annual observa¬ 
tions. They had also full powers to direct him to make such observations 
as they should deem desirable, and to inspect the instruments from 
time to time, so that they might be constantly maintained in a proper 
condition. 

The origin of the Board of Visitors is clearly traceable to the unfortu¬ 
nate misunderstanding that prevailed between Flamsteed, on the one 
hand, and his scientific countrymen generally, on the other. It has con¬ 
tinued to exercise its functions to the present day, hut at the accession of 
"William IV. a new warrant was issued, according to which its constitution 
underwent a slight modification f. Tbe salutary influence of such aboard 

* It appears from Flamsteed’s journal, that he had heen only a few years occupied with 
his duties at Greenwich when persons began to imjjortune him about publishing his ob¬ 
servations. “ Some people,” says he, to make me uneasy, others out of a sincere 
■desire to see the happy progress of my studies, not understanding amid what hard circum- 
staaatees I lived, called hard upon me to print my observations.”—(Baily’s JOife of Flam- 
steed, p. S4.) 

Ay virtue of the new warrant, the President of the Royal Society for the time being, 
tod five odher Fellows of that Society nominated by him, together with the President of 

Society for the time being, and five other Fellows of that Society 
%y Mm, and'file Sayilian Professor of Astronomy at Oxford, and the Plumian 
rtotessot of'Aartrtoomy Cambrid^,are appointed to he Visitors of the Royal Obser- 
* 



HIOSTOBT ©S' PIQTCSIOAJL JlSTBONOIVCY. 


©£ iuspeetioii is mdisputBl)!©, for wMl© on tbe one hand it serves to pre¬ 
vent the application of the resources of the observatory to .any unwarrant¬ 
able purposes, on. the other hand it has the effect of periodically relieving 
the conscientious astronomer from the responsibility attached to the 
discharge of his onerous duties, and thereby operates as an encouragement 
to future exertion. It is gratifying to reflect that during the last hundred 
years, at least, it is only in the latter respect, that the advantages result¬ 
ing from the estahlishment of the Board of Visitors, have been apparent. 

In the spring of 1711 the printing of Flamsteed’s observations was 
resumed by order of the Queen, and in the following year they were pub¬ 
lished in one large folio volume. The preface, which was written by Hal¬ 
ley, contained some very ungenerous reflections on Flamsteed. Moreover, 
the form in which the results of his labours were presented to the world 
on this occasion was far from being in accordance with his own views. 
With respect t© the stars observed, with the mural arc, the places only of 
those were inserted in the work, which passed the meridian about the 
same times, and nearly on the same parallels, with the moon and planets. 
The catalogue of stars was also no other than the avowedly imperfect one 
which Flamsteed originally deposited with the committee appointed to 
superintend the printing of the observations in 1704, upon the express 
condition that it should not he published, but merely that it be retained as 
a pledge for his subseq^ueiit delivery into their hands of a more complete copy. 
It would appear that the parties charged by the Queen with the publication 
of the observations, grew impatient at what they conceived to be Flamsteed’s 
tardiness in fulfilling his promise, and adopted the resolution of printing the 
catalogue in their possession, without his concurrence, or even his know¬ 
ledge. This was manifestly an act deserving of severe reprobation. It may 
be urged, indeed, as an excuse for such an extreme proceeding, that the 
observations were public property, and that a due regard for the objects 
contemplated in the establishment of the observatory, suggested the 
expediency of publishing them within a reasonable period of time ; and, 
perhaps, according to the strict letter of the law, the act was justifiable 
upon that ground. But, on the other hand, a more generous allowance 
ought to have been made for the difficulties of Flamsteed’s position, 
arising mainly from the circumstance of the Government having failed to 
afford him such support in the prosecution of his arduous labours as he 
had a right to expect in virtue of the office for which he was held respon¬ 
sible, At all events, it looks like a wanton display of harshness on the 

part of the committee in whose hands the manuscripts of Flamsteed were 
deposited, to have resorted to their publication without beforehand giving 
him due notice of their intention*. 

Justly indignant that the results of liis long and toilsome labours 
should he presented to the world under circumstances so injurious to his 
personal character, and in a form so little calculated to advance his repu¬ 
tation as an astronomer, Flamsteed resolved to publish a complete 

edition of his observations at his own expensef. He accordingly^ pro- 

* It is right to state that this charge rests solely upon the authority of Flamsteed. In 
all probability the parties rnisunderstood each other. The whole affair, as disclosed by 
Mr. Baily’s work, is of a very unpleasant nature. 

f There were 400 copies printed of Halley’s editioti of 1712. In 1715 Plamslocd 
succeeded in procuring from the Government all the copies that remaiiied in tVioir pos¬ 
session, amounting to 300, and immediately committed them to the flames, w’ith the ex¬ 
ception of the sheets on which his observations with the sextant were printed. 
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ceeded to carrj liis design into effect, witli all the energy which, the con¬ 
sciousness of a just cause, and a laudable desire to set himself right in 
the eyes of posterity, were capable of inspiring. His constitution, how¬ 
ever, already shattered hy the incessant inroads of ill health, and now- 
sinking tinder the frailties of old age, was inadequate to the complete 
execution of a task of such magnitude. It was contemplated by him to 
publish the results of his labours in three volumes; hut he had barely 
succeeded in completing the second volume when he died, on the Slst of 
December, 1719. The preparation of the third volume for the ];)ress, was 
effected by the voluntary exertions of Crosthwait, his assistant at the time 
of his death, and the famous Abraham Sharp, who had also at one time 
served him in the same capacity, and had ever since continued his devoted 
friend *. The whole work was finally published in the year 1725, in 
three volumes folio, under the title of “ Historia Cmlestis Britannica,” 
The first volume contains extracts from the observations Gascoigne and 
Crabtree from 1638 to 1643, also Flamsteed’s own observations at Derby 
down to 1675, and his subsequent observations at Greenwich with the 
sextant from 1675 to 1689. It comprehends, moreover, various subsidiary 
tables to be used in calculation, and also the places of the moon and pla¬ 
nets deduced from the observations. The second volu-me contains the 
observations made with, the mural arc from 1089 to 1719 f. At the end of 
this volume, also, there is a collection of useful tables, and a list of the 
places of the moon and planets computed from the observations. The 
last-mentioned results, as well as the corresponding results in the first 
volume, exhibit not only the right ascensions and polar distances of the 
several bodies, but also their longitudes and latitudes. The third volume 
commences with the Prolegomena, in which Flamsteed takes a rapid 
survey of the progress of astronomy, concluding with a description of his 
own instruments and methods of observation. There are next inserted 
copies of all the catalogues of the fixed stars that had been executed hy 
astronomers previous to the time of Flamsteed. These are succeeded hy 
Flamsteed’s own catalogue, which exhibits the right ascensions and polar 
distances, as well as the longitudes and latitudes of 3935 stars, reduced 
to the beginning of the year 1689, together with the annual variations in 
right ascension and polar distance, arising from the regression of the 
equinoctial points. At the end of the volume there are various subsidiary 
tables designed for abbreviating the labours of calculation. 


■* Sharp re.sidedat this time in Yorkshire. He also assisted Crosthwait in the preparation 
of the maps of Flamsteed’s Atlas, which was published in 1730. The following passage of 
a letter from Crosthwait to Sharp, dated January 27,1721-22, reflects so much credit upon 

all the parties alluded to, that it cannot fail to prove acceptable to the leader:_“ I am much 

concerned to find, by yours of the 2nd instant, that you had entertained the least suspi¬ 
cion of being forgotten or slighted by me, though there had been nothing more for you 
to do. I can assure you, with the greatest sincerity, that I shall for ever (thouf>-h I am 
sure I shall have no share in the profits) retain a grateful remembrance of the generous 
and kind assistance you have given towards completing Mr. Flamsteed’s works, and shall 
be ready at all times hereafter, so long as life endures, when in my power, to return you 
gratitude; and the memory of the ingenuous and disinterested Mr. Sharp will always, 
by me, be had in the greatest esteem, ne.vt to that of my deceased and good friend 
Mr. Flamsteed.” (^JBaiTy's Life of Flamsteed^ p* 346.) Mrs. Flam.steed died in 1730 
without leaving a single farthing either to Crosthwait or Sharp, notwithstanding their dis¬ 
interested exertions in her behalf during a period of ten years 1 

’t*. At the top of each page of observations in this volume the error of collimation of 
the instrument is inserted. w* 
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Flamsteed is univex'sally admitted to have been one of the most eminent 
practical astronomers of the age in which he lived. His merits do not, 
indeed, appear at first sight so conspicuous as those of some of his illus¬ 
trious contemporaries with whom he may be compared, although at the 
same time they are no less substantial. He does not generally exhibit 
the enlightened discernment wliich Picard displays in his researches, nor 
was he endowed with the fertility of invention by which E-oemer was so 
eminently distinguished; but in carrying out views of practical utility, 
with a scrupulous attention to accuracy in the most minute details, in 
fortitude of resolution under adverse circumstances, and persevering adhe¬ 
rence to continuity and regularity of observation throughout a long career, 
he has few rivals in any age or country. Without the possession of these • 
invaluable qualities, the most splendid genius may fail to exercise any 
durable influence : by means of them Flamsteed was enabled to establish 
the fundamental points of practical astronomy upon a new basis, and to rear 
a superstructure which, for many years afterwards, served as a landmark of 
vast importance to astronomers. In so far as the accuracy of his observa¬ 
tions is concerned, his labours must be considered with reference to the 
times in which he lived, and the dif&culties which he had to encounter. 
When judged according to this equitable standard, they will not suffer from 
the scrutinies of the candid enquirer. It forms a noble attestation to the 
merits of Flamsteed in this respect, that his observations are the earliest 
from which the phenomenon of aberration clearly and unequivocally 
emerges, its maximum value being assigned by them with a degree of pre¬ 
cision almost equal to that deducible from the most trustworthy observa¬ 
tions of the present day As first Astronomer of the Royal Observatory 
of Greenwich, he set an example to liis successors the beneficial influence 
of which cannot for a moment he doubted ; nor, while that noble esta¬ 
blishment continues to maintain its proud pi*e-emineiice among the insti¬ 
tutions devoted to practical astronomy, will the labours of its original 
Director, prosecuted with such unwearied persevei’ance throughout a long 
career, despite the depressing influence of constitutional ill health, and 
the unrelenting hostility of a powerful faction, cease to be held in respect¬ 
ful remembrance by his countrymen. 

Flamsteed was succeeded at the Pmyal Observatory by the celebrated 
Edmund Halley. This gx'eat astronomer was born at London, on the 
29th of October, 1656, and had already distiiiguisbed himself by a bril¬ 
liant career of research on various subjects of physical science. It seems 
somewhat surprising, when we consider that he was now in the C4th 
year of his age, that he should have undertaken the discharge of duties 
of so onerous a nature as those attached to the situation of Astronomer 
Royal. Unlike his predecessor, however, he had the good fortune to 
possess a robust constitution, and, in reliance upon its vigour, he was 
desirous of prosecuting a series of observations of the moon, in regard to 
which he had a special object in view, as will be presently mentioned. 

It has beeu already mentioned that the instrumeuts used by Flamsteed 

* See page 340 of this work, where the value of aberration deduced by M. Peters 
from Flamsteed’s observations is given. The same astronomer makes tbe latitude of 
Greenwich, according to Flamsteed’s observations, to be 51° 28' 41".9 — (He- 

cherches sur la Pctrallaxe des Etoiles Fixes, p. 11.) Mr. Airy, fromrecent observations, has 
determined the true value of the latitude to be51° 28' 38".2 .—(^Greenwich Observations 
1842, p. xUv.) 
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■were all Ilia ©wn,. tke GoTernment not having even defrayed the expense 
of occasionally repairing them. We need not wonder, therefore, that 
when. Halley entered the observatory he found it completely stripped of 
ererythiB^ available for the prosecution of celestial observations. The 
ninral arc, the clocks, the telescopes, and, in short, every instrument in 
the observatory, had been carried away by Flamsteed’s executors imme¬ 
diately after bis death. In cons€q[uence of this circumstance, some time 
elapsed before Halley was enabled to enter upon a regular course of 
observation. In 17S1 he procured a transit instrument, with which be 
commenced observations of the passages of the celestial bodies over the 
meridian. This instrument was five feet six inches long, and is stated by 
Xialande to have been constructed by Hooke. Halley’s first observation 
with it is dated October 1, 1721. In 1726, a mural quadraut, for the 
observation of zenith distances as well as differences of right ascension, 
was at length erected. This instrument wa-s constructed by the cele¬ 
brated artist Graham*. It was made of iron, and had a radius of eight 
feet. The limb was composed of two arcs, upon each of which a different 
mode of division was executed. The inner arc was divided to every 5', 
according to the ordinary sexagesimal scale, and was afterwards sub¬ 
divided, by means of a vernier, to every 30''', which again might be sub¬ 
divided, by estimation, to one-fourth of this quantity, or 7^". The outer 
arc was divided, first, into ninety-six parts, and then each of these inter 
sixteen smaller parts, each of which again was subdivided, by means of a 
vernier, to^ every 13", and each of these parts might finally be subdivided, 
by estimation, to 5" or 6". In making observations with the instrument, both 
modes of reading off were employed, so that the one might serve as a check 
upon the other; but in. cases of discordance, greater reliance was usually 
placed on ■the indications of the outer arc. Halley commenced his obser¬ 
vations with this instrument on the 20th of October, 1725. Hencefor¬ 
ward he continued to observe not only the transits of the celestial bodies 
over the meridian, but also their zenith distances. It does not appear, 
however, that he adopted such an extensive plan of observation as that 
pursued hy Ms predecessor, Flamsteed. His main object was to procure 
materials for the improvement of the lunar and planetary tables; and, for 
this purpose, he deemed that it would be unnecessary to observe any other 
stars than those that were situate within the limits of the zodiac. His 
labours were more especially directed to the observation of the moon. 
He was stimulated to this object by the large reward which the Govern¬ 
ment had offered relative to the longitude, being convinced that the 
method of lunar distances was better adapted than any other to the 
solution of that important problem. This subject seems to have so far 
engrossed his attention as to have caused him in some degree to neglect 
the ordinary duties of his oHce. It has been already mentioned that the 


* George Graham was boip at Gratwick, in Cumberland, in the year 1675. Ho was 
not only the most skilful artist of his time, but was also distinguished by a profound 
aranamtance with various subjects of natural philosophy. Besides the mural quadrant 
alluded to m the text, he constructed the famous zenith sector with which Bradley dis¬ 
covered the phenomena^ of aberration and nutation. It was also with a zenith sector 
exacted by the same artist that the French academicians, who measured the length of an 
8^or the meridian in Lapland, determined the latitudes of their stations. Graham con- 
various papera to the JPMlosoj>hical Transactions of the Royal Society, of which 

’^elated to the mercurial compensation pendulum, the 
invention of which is due to him. He died in 1751, aged 76 years. 
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Boapd of '¥^isii©rs, '^Mcb wses composed of members of tbe Hojral Society, 
’were aotborizect to decaand of tKe Astrcmofiiaer Royal, within six mont’bs 
after the lapse €»£ each success^© year, “ a trn;© and fair copy of the 
annnad observatioao^i he had made.” j&t a meeting of the Royal Society, 
held c» the tod of March, 172’3J, &ir Isaac Newton, who was then Pre¬ 
sident, tooh occasion to remark that this regalation had not been recently 
obsor’ved ; amd stated at the same time, that, as the eontinued neglect of 
it might be attended with detriment to the public interest, he thought it 
proper to remind the Astronomer Royal of the circnmstance of such a 
regulation being in force. Halley, ’who was present, replied to Newton 
by asserting that he had already executed a great nunaher of observations, 
espeeially of the moon ; but that on account of the utility of saeh observa¬ 
tions towards ascertaining the longitude, for which a large reward had 
been offered hy the G-overnment, he had hitherto kept them in his own 
custody, that he might have time to finish the theory he designed to build 
upon them, hefore others might take the advantage of reaping the benefit 
of his labours 

Halley died on the 14th of January, 1'742, in the 86th year of his age. 
It appears that for some time previous, he had ceased to attend to the 
duties of the observatory, a circumstance which is not to he wondered at 
when his extreme old age is taken into consideration. His last observa¬ 
tion is dated December SI, 1739. The only part of the observations 
made hy him at Oreenwich that has ever been published, is a collection 
of observed places of the moon, which are to be found at the end of Ms 
Astronomical Tables, which, were published in 17491". These tables were 
printed off in 1719, with a view to their immediate publication; hut their 
author being in the meantime appointed Astronomer Royal, they were 
retained by him for his own exclusive advantage, since -there was now an 
increased probability of his bringing the lunar theory to such a state of 
perfection as would lead to a pi'actical solution of the problem of the 
longitude. With a view to tMs object, he had no sooner entered upon 
his duties at Greenwich, than he commenced instituting a comparison 
between the places of the moon deduced from his observations, and the 
corresponding places calculated from the tables. These results were 
printed off at successive intervals during Halley’s Hfetime, and the whole 
collection was finally published along with his Astronomical Tables, as has 
been already mentioned. It exhibits a comparison between the observed 
and calculated places of the moon, extending from 1722 to 1739. The 
error of the tables in longitude is frequently less than 1', hut in some 
instances it rises to 6' or 6'. In general, it may he said to range between 
2' and 4'. It does not appear that Halley employed these residual eri’ors 
in any rese9.rches for the purpose of obtaining an improvement of his 
tables of 1719. 

The original records of Halley’s observations are deposited at Green¬ 
wich in four small quarto volumes. Upon the recommendation of Mr. 
Baily, a manuscript copy of them was taken by tbe order of the Lords 
of the Admiralty, and presented to the Astronomical Society, in the year 

» Mem. Ast. Soc., vol. viii., p. 188, cited by Mr. Baily, from the Minute Book of 
the Royal Society. 

-f- In the preface to these tables it is stated that they were mainly constructed by 
Halley, upon the observations of Flamsteed. 
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1883- Mr. Baily lias concluded, from a careful inspection of these oli- 
servations, that they do not possess sufficient value to render it desirable 
that they should be printed-i*. Maskelyne had already intimated to 
Delatnhre, that they were hardly preferable to those of IFlamsteedf. 
BCalley, indeed, was endowed with a mind of vast compass as well as extra¬ 
ordinary sagacity and power; but he seems to have undervalued those 
habits of minute attention which are indispensable to the attainment of a 
high degree of excellence in the practice of astronomical observation];. 

The absence of any definite plan of operations in connexion with the 
Royal Observatory of Paris has been already alluded to. The evils 
arising from this cause did not fail soon to present themselves. The 
astronomers engaged iu prosecuting observations at that establishment, 
were frequently compelled to discontinue their labours, at the instance of 
the Government, for the purpose of executing scientific operations in the 
provinces of Prance. This circumstance occasioned numerous interrup¬ 
tions ill the records of the observations, which manifestly tended in a 
great degree to depreciate their value. Moreover there was an incom¬ 
pleteness generally apparent in the observations actually made, arising 
from the want of a presiding power to direct the labours of the establish¬ 
ment. These defects in the constitution of the observatory are described 
in the following graphic terms, by Cassini lY.:— Ohacun vetvait observer 
dans les cabinets comme il Ventendait, quand et selon que cela lui jplaisait^ 
les astronomes novices pour s'exercer, les acadhniciens pour leiir propre 
compte. II n'y avait ni plan ghieral suivi, ni cliej pour diriger ; de Id, ni 
accord, ni ensemble, ni suite dans les travaaisc."% 

But although the Royal Observatory of Paris failed to attain such a 
degree of efficiency as was consistent with the flourishing condition of 
science in Prance, there was one important department of practical 
astronomy in which that country took the lead of all other nations. It 
was in France that the length of an arc of the meridian was first 
measured, upon principles so unexceptionable, and with ‘so scrupu¬ 
lous a regard to accuracy in all the details of the operation, as to com¬ 
mand the confidence of astronomers generally in the result, and to 
induce Newton to resume the ever memorable investigation which con¬ 
ducted him to his grand discovery of the principle of universal gravita¬ 
tion. It is to France also that astronomy owes the establishment of the 
ellipticity of the earth, one of the most conclusive facts that can be 
adduced in favour of the Newtonian theory. This olyect was effected by 
a comparison of geodesical measurements, executed not merely on the 
soil of France, but also in the arctic regions and under the equator. 
The operations connected with the establishment of these results ex¬ 
tended over nearly three-quarters of a century, and exercised, the talents 
of the most eminent astronomers of France who flourished during that 
period. The name of Picard is imperishably associated with the origin of 


* See a paper by Mr. Baily on this subject in vol. viii. of the JSiTemoirs of the Asiro- 
namxcal Society. 

•f- Histoire de I’Astronoinie au Dixhuitieme Si^cle, p. 134. 

* i. It following expression, that Halley did not contemplate the 

possibility of determining the apparent position of a celestial body within even 10" of the 
truth ;—‘'XJtverum fatear, minuta secunda vel etiatn dena secunda, instrumentis quan- 
tumvis ^abre factis certo distinguere vix homini datum est .”—Trans . 1716 
p. 456.) ' ' 

§ Mdmoires pour servir it V Histoire des Sciences, etc., p. 191. 
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"tliese opBifiLtioiis wliicli ]iav6 reflected, so nmcli honour on h ranee, llieir 
close was illustrated by the exertions of Lacaille, one of tli© most distin¬ 
guished astronomers of the eighteenth century’* * * § **^. 

In connexion with the Hoyal Observatory of Paris may be mentioned 
Xjouville’s application of the micrometer to divided instruments. This 
was effected by directing the instrument approximatively to the object, 
and then adjusting it, so that the plumb-line fell exactly upon the nearest 
point of division. The moveable thread of the micrometer was then 
brought into exact coincidence with the object, and its distance from the 
fixed thread, as determined by the revolutions of the screw, gave the 
fraction of an angle which was to be added to or subtracted from, the 
altitude indicated by the point of division over which the plumb-line 
passed. Touville first described this mode of applying the micrometer 
in the “Memoirs of the Academy of Sciences” for 1 Y14.t- A sector, 
furnished with a micrometer of this kind, was shortly afterwards em¬ 
ployed by the astronomers engaged in verifying the arc of the meridian 
that had been measured in Prance in the seventeenth century. It would 
appear that a similar application of his instrument did not escape the 
attention of Gascoigne, the original inventor of the micrometer. Thus, 
Crahtree, writing to him in a letter dated Pecemher 6, 1641, expresses 
his astonishment that he should be enabled not only to project the 
diameter of Jupiter into prodigious measures, but also to take distances, 
altitudes, inclinations, and azimuths without ths liwib of an instrument, 
and ^ch to any required number of parts i 

The difficulty of making accurate observations from the dSek or a 
vessel, arising from the unsteady position of the observer, w’as found to 
operate as an insuperable obstacle to the success of any method for find¬ 
ing the longitude at sea. This difficulty was entirely removed by the 
invention of the reflecting quadrant. The germ of this invaluable 
instrument is to be found in Sprat’s “ History of the Hoyal Society. 
Thus, in an account of the inventions of members of the Society, he 
alludes to “ a new instrument for taking angles by reflection, by which 
means the eye at the same time sees the two objects, both as touching 
in the same point, though distant almost to a semicircle, which is of 
great use for making exact observations at sea. ”§ The author of this 
instrument was Hooke, in whose “Posthumous IVorks there is to be 
found a description of it || ; hut it does not seem that h© attempted to 
follow out his ingenious idea by a farther improvement of the instrument. 
Newton was the first person who devised the construction of the re- 


* Picard commenced his operations for the measuremexit of an arc of the meridian in 
1669. The arc of the meridian in Lapland was measured by Maupertius and his com¬ 
panions in 1785-6. The ellipticity of the earth’s figure vvas finally established beyond 
all doubt by the verification of the French arc of the meridian in 1741. The operations 
connected with the measurement of the arc in Peru were completed a few years after¬ 
wards. 

Mem. Acad, des Sciences, 1714, p. 73. 

X Phil. Trans., 1717, p. 609. In 1669 Hooke determined the zenith distances of 
ly Draconis, by the aid of a micrometrical contrivance similar to that of Louville’s, inas¬ 
much as the intersection of cross wires of the telescope was not brought into exact coin¬ 
cidence with the star; but in this case the deviations of the star from the optical axis of 
tiie telescope were ixieasured by means of a graduated scale. 

§ History of the Royal Society, p. 246, 4to. Lend., 1667. 

II Hooke’s “ Posthumous Works,” p.503, folio, Lond., 1705. 
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fliecting q^uadrant, lesemblmg the sextant of the present day. He com¬ 
municated an account of it to Halley, 'who, howeyer, omitted to impart 
a linowledge of it to the world; but soon after his death, in 1743, a 
description of the instrument in Hewton’s handwriting was found among 
Ms papers In the meantime the instrument had been re-invented hy 
two individuals, independently of each other. The reflecting quadrant 
of Hadley was first descrihed at a meeting of the Hoyal Society, held on 
the 13th of May, 1731 f. It was subsequently found that his invention 
of the instrument could be traced back at least as early as the summer 
of 1730. The other inventor was Thomas Godfrey, of Philadelphia, in 
America- He appears to have devised an instrument similar to Hadley’s 
towards the close of the year 1730. The Royal Society, which took into 
consideration the claims of the two individuals, decided that both were 
independent inventors. 

The idea of enlarging Hadley’s reflecting qimdrant, or rather octant, 
so as to measure a distance of 120°, was first proposed in 1757, by Cap¬ 
tain. Campbell, who suggested to the Hoard of Longitude, that a sextant 
of large radius, divided by Bird, would serve for making observations at 
sea, equally well with the reflecting circle as described by Mayerh The 
sextant is the form in. which the reflecting instrument has since been 
generally used for nautical purposes. 

Accurate celestial obseiwations being now practicable on board a ship 
by the use of the sextant, it only remained to construct trustworthy lunar 
tables, in order to jiei'fect the method of finding the longitude at sea, hy 
means of a comparison between the observed and computed distances of 
the moon from the neighbouring stars. Many years were not allowed to 
elapse ere this important object was accomplished, as we shall presently 
have occasion to mention. 

James Bradley, the third Astronomer Royal of Greenwich, was horn at 
Sherhourn, in Gloucestershire, in the year 1693. In 1711 he entered 
Baliol College, Oxford, where he completed his education. Having 
qualified himself for the church, he was x^iesented to a living in the year 
1719. His predilection for astronomical x^ursuits, which evinced itself at 
an early age, was fostered by his uncle, the Rev. James Pound, with whom 
he resided for several years at Wanstead, in Essex. In 1721 he was 
appointed to the Savilian chair of astronomy in the University of Oxford, 
which bad then become vacant by the death of Keill. His nomination by 
the Government, as successor to Halley in. the Observatory of Greenwich, 
is dated February 3, 1.743. His reputation as an astronomer'was already 
well established in Europe by observations of a miscellaneous nature, 
and more especially by his immortal discovery of the Aberration of Light, 
and at the time of his appointment he was actually engaged in those 
researches which resulted in bis discovery of the Nutation of the Earth’s 
axis. 

Bradley’s first object after his removal to Greenwich was to repair the 


^ * A drawing description of the instrument, both taken from Newton’s paper, are 
inserted m the Phil, Trans, for 1742, p. 155. 

t d’escnption of Hadley’s reflecting octant see JPhil, Trans., 1731, p. 147- An 

of the question relative to the invention of this instrument will be found in 
the vol. i., p. 351. 

Correspondence,” P* 89. 
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duity to prosecute bis labours at tlie Royal Observatory, until at length, 
in the autumn of 1761, he mis compelled by the increasing frailties of 
old age, to retire from the duties of active life. “ Our eye,” says his 
learned biographer, the late Professor Rigaud, “ loots into the Green’wich 
registers with feelings of interest for the traces of that hand which con¬ 
veyed so much instruction to mankind, and catches occasionally the eight 
of it till September 1, 1761, when the sun’s transit was the last observa¬ 
tion that Bradley ever entered, most probably that he ever made. His 
existence continued for a few months longer, bub his scientijfic career was 
closed.”* In fact, he shortly afterwards withdrew to Chalford, in G-lou- 
cestershire, where he continued to reside among his wife’s relations till 
his death, which took place on the 13tli of July, 1763, having attained 
the age of 70 years f. 

The registers of Bradley’s observations occupied thirteen folio volumes, 
and at his death were taken possession of by his executors. In 1767 the 
Government, under the impression of their being public property, com¬ 
menced a law-suit with a view to their recovery, which, however, they 
abandoned in 1776. As soon as it was ascertained that the Government 
had relinq[uished their claim, the manuscripts were transmitted to Lord 
Korth, who was then Chancellor of the University of Oxford, to he pre¬ 
sented by 1^1 m to the University. They were finally printed, at the 
expense of the University, in two folio volumes. The first volume was 
published in 1798, under the superintendence of Dr. Hornsby, - The 
second volume was prepared for the press by Dr. Robertson, and appeared 
in 1805. These two volumes contain the observations made by Bradley 
from 1750 to 176ii. The original manuscripts, as well as the registers of 
the observations made by Bradley, at Greenwich, previous to 1750, are 
deposited in the Bodleian Library, Oxford. 

The vast mass of observations made by Bradley, which were published 
in two volumes, as above mention edh continued inapplicable to any useful 
purpose, in consequence of their not being reduced, until, at length, 
Bessel undertook to execute this task, in so far as regarded the observa¬ 
tions of the stars. The results of his labours were published in 1818, 
at Kbnigsherg, in one folio volume, entitled, ITiindamenta Astrono?nicB 
2 ^ro anno 1755, dediicta ex Ohservationibus viri incomjparahilis Jame$ 
Bradley^ m specula Astronomica G-renovicensi per annos 1750-1762 
institutis.” In this work Bessel has determined, by a series of elaborate 
investigations, the quantity and laws of refraction, the maximum value of 
aberration, and other fundamental points of astronomy, as deducible from' 
Bradley’s observations. He estimates the error in declination of these 
observations to be generally less than 4", and the error in right ascension 
less than 1" of time. 

The observations made with the zenith sector at Kew and Wanstead, 
by the intercomparison of which Bradley was conducted to the discovery 
of aberration, were at one time supposed to be lost; but having been 
found among the papers of the late Dr. Hornsby, they were published by 
Professor Rigaud, in 1832, at the expense of the University, of which 

* 'Bra.dley's JidRscellaneous (Memoirs, p. lOO). 

f In 1751 a pension was granted to Bradley by George II., not as an augmentation of 
salary, but as a gratuitous acknowledgment of his personal merit. 

J Rigaud considers that their number cannot be less than 60,000. 
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divided to every 5''; then, the intervals between two consecutive divisions 
were subdivided by the vernier to every 30''', and these were finally sub¬ 
divided by the micronieter screw to every 1". By the outer arc the 
quadrant was divided into ninety-six parts; then these were subdivided 
by the vernier into sixteen smaller parts, each equal to 13". 1836; and 
these were finally subdivided by the micrometer screw to every 1". The 
Government at the same time furnished the observatory with a new 
transit telescope hy Bird, eight feet long, besides an excellent clock by 
Shelton, and several other instruments of minor importance. They also 
pui'cliased of Bradley the famous zenith sector with which he discovered 
the phenomena of aberration and nutation, and appropriated it to the use 
of the observatory. This noble instrument was designed hy Bradley to 
he henceforward emploj’^ed in determining the errors of collimation of the 
quadrants, by making observations with it when its face was turned alter¬ 
nately east and west. 

Bradley being now in possession of instruments of unequalled perfec¬ 
tion, proceeded to execute a series of preliminary observations for the 
purpose of ascertaining with greater accuracy the latitude of his observa¬ 
tory, the place of the equinox, the quantity and laws of refraction, and 
other fundamental points of astronomy. In pursuance of this design the 
brass quadrant was turned tow'ards the north, so as to be employed in 
making observations of circumpolar stars. These observations were pro¬ 
secuted from August 10, 1750, to July 31, 1753. From them Bradley 
deduced the latitude of the observatory to be 51° 38' 38^". He also 
succeeded by means of them in constructing the elegant rule, so long 
used by astronomers, for finding the quantity of refraction corresponding 
to any assigned zenith, distance, and any observed readings of the baro¬ 
meter and thermometer. He determined the absolute right ascensions 
of a few of the principal stars, hy means of observations made near the 
equinoxes, according to the method of Flamsteed. 

As soon as Bradley had established these fundamental points he re¬ 
moved the brass quadrant from the western face of the meridian wall, 
and permanently attached it to the eastern face, where it was afterwards 
employed in observing the stars that passed the meridian to the south of 
the zenith. At the same time the iron quadrant was removed from the 
eastern face of the wall, and, after being re-divided by Bird, vvas attached 
to the western face, for the purpose of making observations with the 
telescope turned towards the north. Bradley now commenced the series 
of admirable observations wdricli have formed the groundwork of so much 
valuable research to future enquirers, and which would have assured to 
him an immortal reputation, even independently of those great discoveries 
with which his name is inseparably associated. The sun, moon, and 
principal stars, and the planets when situate in favourable positions, were 
regularly observed with the transit instrument and the mural quadrants. 
Moreover, a multitude of small stars, chiefly those of Flamsteed’s cata¬ 
logue, were included in the plan of observation. From the year 1750 
may be dated the commencement of a series of observations ■which in 
point of accuracy may hear a comparison with those of modern times. 
Henceforward the records of Greenwich Observatory embody a collection 
of materials,^ which have almost exclusively formed the groundw’ork of 
eveay investigation undertaken in modern times, for the purpose of im- 
proYin^ the solar, lunar, or planetary tables. 

Bradley, aided by only one assistant, continued with indefatigable assi- 
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duity to prosecute his labours at the Royal Observatory, until at length, 
in the aututmn of 1761, he Avas compelled by the increasing frailties of 
old age, to retire from the duties of active life. “Our eye,” says his 
learned biographer, the late Professor Rigaud, “ loohs into the Greenwich 
regis ters with feelings of interest for the traces of that hand w^hich con¬ 
veyed so much instruction to mankind, and catches occasionally the sight 
of it till September 1, 1761, when the sun’s transit wus the last ohserva- 
tiou that Bradley ever entered, most probably that he ever made. His 
existence continued for a few months longer, but his scientific career was 
closed. Ill fact, he shortly afterwards withdrew to Chalford, in Glou¬ 
cestershire, where he continued to reside among his wife’s relations till 
Ms death, which took place on the 13th of tTiily, 1763, having attained 
the age of 70 years f. 

The registers of Hradley’s observations occupied thirteen folio volumes, 
and at his death were taken possession of by his executors. Jn 1767 the 
Government, under the impression of their being public property, com¬ 
menced a law-suit with a view to their recovery, which, however, they 
abandoned in 1776. As soon as it was ascertained that the Government 
had relinquished their claim, the manuscripts were transmitted to Lord 
North, who was then Chancellor of the University of Oxford, to be pre¬ 
sented by him to the University. They were finally printed, at the 
expense of the University, in two folio volumes. The first volume w'as 
published in 1798, under the superintendence of Dr. Hornsby. . The 
second volume was prepared for the press by Or. Robertson, and Upp-eiared 
in 1805. These two volumes contain the observations made by BrUdley 
from 1760 to 1763. The original manuscripts, as w^ell as the registers of 
the observations made by Bradley, at Greenwich, previous to 1750, are 
deposited in the Hodleiaii Library, Oxford. 

The vast mass of observations made by Bradley, which were jpublished 
in two volumes, as above mentioned |, continued inapplicable to any useful 
purpose, in consequence of their not being reduced, until, at length, 
Bessel undertook to execute this task, in so far as regarded the observa¬ 
tions of the stars. The results of his labours were published in 1818, 
at Konigsberg, in one folio volume, entitled, “ Fundaynenta Astronomica 
■pro anno 1756, deducts esc Ohservationihus viri incomparaJbilis Jaynes 
Bradley, in specula Astronomica O-renovicensi per annos 1750—1762 
iTzstitutis.’^ In this work Bessel has determined, by a series of elaborate 
investigations, the quantity and laws of refraction, the maximum value of 
aberration, and other fundamental points of astronomy, as deducible from 
Bradley’s observations. He estimates the error in declination of these 
observations to be generally less than 4^', and the error in right ascension 
less than 1'' of time. 

The observations made with the zenith sector at Kew and Wanstead, 
by the intercomparison of which Bradley was conducted to the discovery 
of aberration, were at one time supposed to he lost; but having been 
found among the papers of the late Dr. Hornsby, they were published by 
Professor Rigaud, in 1832, at the expense of the University, of which 

* Bradley’s 'Miscellaneous WorJis (Memoirs, p. 100). 

f In 1751 a pension was granted to Bradley by George II., not as an augmentation of 
salary, but as a gratuitous acknowledgment of his personal merit. 

J Rigaud considers that their number cannot be less than 60,000. 
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the immortal author of the discovery forms one of the brightest orna¬ 
ments 

While !Bradley "was prosecuting his admirable observations at Green¬ 
wich, the Continent was adorned by two astronomers who are justly 
entitled to be associated in the history of astronomy with their illustrious 
contemporary. It will be desirable, before proceeding further, to present 
the reader with a brief notice of their labours. 

IsTicholas Louis de Lacaille was born at Kumigny, near Losoy, in 
France, on the I5th of March, 1713. He was destined by his parents 
for the church, but his inclination towards astronomical studies effectually 
frustrated their design. In 1713 he proceeded to Paris, where he was 
kindly received by J. Cassini, who assigned to him a situation in the 
Royal Observatory. In 1738 he was employed, in conjunction with the 
younger Maraldi, in surveying the western provinces of France. In the 
two following years he took an active part in the operations connected 
with the verification of the French arc of the meridian, and it is to his 
energy and skill that the successful prosecution of that important un¬ 
dertaking is mainly to he ascribed. While engaged in these labours he 
was appointed Professor of Mathematics in the Mazarine College of Paris, 
whither he retired at their conclusion. A. small observatory having been 
fitted up for his use at the college, he continued to labour there for 
several years, dividing his time between his professional duties and astro¬ 
nomical pursuits. In 1750 he proceeded to the Cape of Good Hope, for 
the purpose of making observations in the southern hemisphere. Luring 
Ms residence there, he amassed materials for determining the parallaxes 
of the Moon, Yenus, and Mars, and for investigating the laws of refrac¬ 
tion. He also measured an arc of the meridian, and the length of the 
second’s pendulum, besides observing ten. thousand stars in the southern 
hemisphere. Upon his return to Europe, in 1752, he established himself 
in. his former place of residence, where he proceeded to deduce a number 
of important results from his observations. In 1767 he published a 
fnn^mental catalogue of stars, forming one of the most valuable contri¬ 
butions made to astronomical science during the eighteenth century. In 
the following year he published his solar tables, the elements of which 
were determined with such precision as to leave little further to be de¬ 
sired. These are the earliest solar tables in which the effects of planetary 
perturbation are taken into account. Pie is also the author of a catalogue 
of about 500 zodiacal stars, which was published after his death. 

The advantages which Lacaille enjoyed in the prosecution of his labours 
were extremely moderate. He had no assistant to relieve him from a 
portion of the drudgery incidental to astronomical pursuits, nor were his 
instruments by any means so perfect as those of some of his contempo¬ 
raries. By his_ talents and perseverance, however, he succeeded in over- 
conoing these difficnlties ; but, unfortunately, he fell a victim to incessant 
application, when he had only attained an age at which the human consti¬ 
tution usually retains its full vigour. He died on the Slst of March, 
1762, in the 49th year of his age. 

^Yhen the admirable labours of Lacaille are taken into consideration, it 
is impossible to repress a feeling of regret that be was not placed in a 

Correspondence of the Rer. James Bradley, D.D., 
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positioti wk^rein k© might have been enabled to exercise his talents with 
still greater benefit to astronomical science. Upon this point his dis- 
tingnphed comntryman, M. Biot, very naturally makes the following 
remark:—** Quel Sclat aurait jeti Vastronomie observatTice en France, 
qiielle hauteur aurait-elle pu atUindre^ Ms ce tenzps-ld m^me, si un tel 
homime avait succMe d Ficard et d JRoemer, dmns un ohservatoire vraiment 
royale, cr&d avec ^intelligence de la science, disposS pour ses hesoins, et 
pourvu des instruments propres d Vavancer !” ^ 

Tobias IVTayer was born on the 17tli of February, 1*723, at Marbach, a 
town of Wnrtemberg, in Uermany. His father having died while he ■wsp 
yet young, he w^as thrown upon his own resources at an. earlier age than 
usualj and was compelled to support himself by teaching mathematics, a 
knowledge of which he had accjuired solely by the perusal ot such books 
as he could occasionally procure. He was only twenty-two years old when 
he published a treatise on the theory of curve lines. .l.bout the same time 
he began to apply himself with great ardour to the prosecution of astronQ+ 
mical inquiries. In 1750 he communicated to the Oosmographical Sc^Giety 
of ISTuremherg, a paper on the libration of the moon, in which he deter¬ 
mined the elements of that curious phenomenon with, greater precision 
than had been hitherto done by any astronomer. This paper is remarkable 
for containing the earliest example of the method of equations ojf condi¬ 
tion, the use of which has contributed so much, to the iin|)rovement of 

mod^n .astresaomy.. Tn 17*51 he was appointed ..te 

the Observatory of Gottingen, having been at the same time 
one of .the^chairs .in the^^Umversity.rof-that ^oaty ■■^he',ohs«r5yyicl^pr hsM 
been recently furnished by George II- of England with a znagnifioent 
mural quadrant of six feet radius, constructed by Bird. Hayer proceeded 
to submit his instrument to a most scrupulous examination, and in the 
execution of this task he displayed a combination of sagacity and address 
which would alone suffice to stamp him as an observer of the highest 
order. He now commenced a course of regular observation, with the 
view of procuring materials to serve as a groundwork for establishing the 
fundamental points of astronomy. In 1753 he published new solar and 
lunar tables. The latter will be for ever memorable, from being the first 
which afforded a practical solution of the problem of the longitude. The 
observations employed in their formation consisted chiefly of eclipses of 
the sun and occultations of the stars. * They did not amount to more than 
200, and yet, with such skill were they discussed by Mayer, that his tables 
seldom erred so much as 1^''. In 1756 he transmitted them to Engird, 
where they were compared by Bradley with the Greenwich observations, 
and were deemed by that astronomer to be so accurate that, in so far as the 
calculated places of the moon were concerned, they might serve in finding 
the longitude at sea within half a degree of the truth, and generally mnch 
nearer h In 1756 Mayer communicated a paper to the Eoyal Society of 
Gottingen, in which he explained the principle of an instrument, since 
well known to astronomers as the repeating circle. He continued to pro¬ 
secute his astronomical researches with unremitting assiduity, until at 
length his constitution became impaired from incessant application, and 
he fell into a languishing illness, of which he expired on the 20th of 

* Journal des Savans, 1847, p. 524. 

+ This was the chair of political economy. It does not appear that Mayer delivered 
any lectures upon that subject. 

X- Mayer’s Solar and Lunar Tables, p. cxii. 
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Pebriiarj, 1762An improved set of lanar tables, which he left 
behind Mm at his death, were transmitted to England by his widow, 
in consideration of which she obtained from the British G-overnment 
a grant of money amounting to ^8000 f. In 1770, his Theory of the 
jToon t, which served as the basis of his tables, was published at Lon¬ 
don. It is substantially the same as Euler’s, but the values of the co¬ 
efficients were determined by the aid of his own observations. In the 
same year there was published, also at London, his improved solar and 
lunar tables §. There is appended to them, a short dissertation entitled 
l^ethodus Ijongitudi^ium IPromota, in which he recommends the method of 
lunar distances for finding the longitude at sea, and suggests for this 
purpose the use of a reflecting circle, with the repeating principle applied 
to it. This work also contains his formula for refraction, embodying the 
result of his researches on that important subject |]. The two works 
above mentioned were published at the expense of this country, under the 
superintendence of the Board of Longitude, the task of editing them 
being executed by Dr. Maskelyne. In 1776 the first volume of Mayer’s 
“ Posthumous Works ” was published at Gottingen, which, among other 
subjects, contained a catalogue of 998 zodiacal stars. The remaining por¬ 
tion still exists in manuscript, with the exception of the observations from 
which the catalogue was formed, which were xorinted at London, in 1826. 

Mayer has earned for himself an imperishable reputation by his lunar 
tables. Some astronomers may have achieved results of greater brilliancy, 
but few have been privileged to contribute so directly by their labours to 
the well-being of their fellow-men. Even independently of the improve¬ 
ment which he effected in this instance, Mayer possesses claims to be 
ranked with the greatest astronomers of ancient or modern times; but, as 
in the case of either of Ms illustrious contemporaries, Bradley or 
Lacaille, his labours are not of a nature to be generally appreciated, 
and therefore his reputation is less widely diffused than that of many an 
individual whose contributions to science, though more showy, are infinitely 
less substantial. 

Bradley was succeeded at the Loyal Observatory of Greenwich by Dr. 
Bliss, Savilian Professor of Geometry in the Ilniversity of Oxford. This 
astronomer adopted the same plan of observation as that pursued by his 
predecessor, but his death in 1765 prevented his labours from acguiriug 
any degree of importance in the annals of the observatory. 

hfeville Maskelyne, the fifth Astronomer Eoyal of Greenwich, w'as born 
in London in the year 1732. He completed his education at Trinity 
College, Oatnbridge, and subsegnently qualified himself for entering the 
church. It is said that his attention was first drawn to the science of 


* It is somewhat singular that Bradley, Lacaille, and Mayer, the three greatest astrono¬ 
mers of the eighteenth century (supposing Halley to have been of the seventeenth), died 
'witliin a few months of each other. 

t A copy of the resolution of the Board of Longitude, recommending Parliament to 
gr^t Mayer’s widow the sum of £5000, will he found at page cxxiii. of the Solar and 
Lunar Tables of that astronomer. It appears from Maskelyne’s preface to these Tables 
ia»at the sum actually awarded by Parliament amounted to £3000. 

Tbeori® Lunae juxte Systema Newtonianum, &c., 4to., Lond., 1767. Although the 
ntte-p^e of this work bears the date of 1767, it was only published in 1770, as appears 
® prefece to Mayer’s Solar and Lunar Tables^ published in the last-men- 

§ ■ SoliS' et 


§ ^ M Solis et Lunse, novse et corvectse/’ 4to., Lond 1770 

11 See the work referred to in the text* -^ond,, 1770. 
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astronomy by the great solar eclipse of 1748. IIo contracted an early 
intimacy with Bradley, whom he assisted in the computations connoctotl 
with his researches on refraction. At the recommendation of that astro¬ 
nomer, he proceeded to the island of St. Helena, to observe the transit 
of Venus, in 1761. He commenced his labours at the Observatory of 
Greenwich on the 7th of May, 1765. His instruments were the same as 
those used by Bradley and Bliss, hut his plan of observation was more 
limited than that pursued by his predecessors. He confined his attention 
to the sun, moon, and planets, and a select number of stars. The errors 
of collimation of his quadrants were determined from time to time by 
observations of y Draconis, with the zenith sector having its face turned 
alternately east and west. During the intermediate intervals, the errors 
were deduced by means of the quadrants themselves, from observations of 
the stars in the feet of the constellation G-emini. We have seen that 
Flamsteed emp»loyed observations of the same stars, for the purpose of 
determining the error of collimation of his mnral arc. In order that he 
might be enabled to deduce from his observations the absolute right 
ascensions of the sun, moon, and planets, it was necessary to establish 
with great precision a definite number of reference points along tho con¬ 
tour of the zodiac. With this view he selected thirty-six stars situate 
near the equator, each of which was suffi.ciently bright to be observed in 
the daytime, even wdien not very far removed from the sun. In order to 
render the observations of these stars available for ulterior purposes, it 
was necessary to ascertain their places with respect to the equinox. This 
was effected by comparing one of them, ei Aqidlm, wuth each of the re¬ 
maining thirty-five, and then comparing ct Aquilse directly with the sun. 
The mode of investigation pursued by Maskelyne on this occasion was 
founded mainly upon Flamsteed’s method for determining the absolute 
right ascension of a star. He continued to observe these stars on every 
practicable occasion, and employed the results in the formation of a small 
catalogue which, in point of accuracy, far exceeded anything of the kind 
hitherto executed. By comparing the observed transits of these standard 
stars with the corresponding results deduced from the catalogue, it was 
possible to ascertain the exact error of the clock, and hence to\letormino 
the right ascensions of the sun, moon, and planets. 

Maskelyne first introduced the practice of observing a star at tlio five 
vertical wires of the telescope. This mode of observation was pursued by 
him with undeviating regularity throughout his long career. Flo was also 
the first who noted the instant of transit in terms of the tenths of a 
second^;. He continued to prosecute his Labours without interruption 

adhering constantly to the same plan of observation which ho had 
traced out in the begienhig of his career—till his death, which happened 
on the 9th of Fehraarj-, 1811, having occupied the situation of Aatrohoraor 
Koyal for a penod of forty-six years. 

It is to Maskelyne that the original establishment of the “Nautical 
Almanac is due. In 1763 he published a w'ork, entitled “ The British 

* In noting the passage of a star over the wires in the transit, Bradley in srcneral tonF^ 
the nearest second, except when the interval was percentible in whit.li i S< 2 nemi took 
observation » or-, to indicate that the true timfeSSS or feU shor of 
In some cases the time of transit is estimated in ?ermro7the 
Maskelyne, in the beginning of his career, divided the second ini c rrht nl? 
tember, 1772, he first commenced the practice of recording the ^ L 

of a second .—(Miscellaneous Works of JBradley, p. liv. ) ^ ransit to teutlm 



490 


HISTORY OP PHYSICAL ASTRONOMY. 


Mariner’s Guide,” in wliich hie pointed out the advantage, for finding the 
longitude at sea, of calculating beforehand for each year the distances of 
the moon from the sun, and the principal stars lying ne^r her path, and 
inserting the results in an annual ephemeris. This suggestion was 
approved of by the Government, and he was forthwith appointed to carry 
it into effect. The “Nautical Almanac” first appeared in 1767. During the 
remainder of his life Dr. Maskelyne continued to superintend the publi¬ 
cation of this ephemeris, which has proved so valuable to the mariner. 

Maskelyne had not long prosecuted his labours at the Observatory of 
Greenwich, when he succeeded in inducing the Government to print his 
observations annually. The whole results have been published in four 
folio volumes. From their uniformity, their continuity, and their general 
accuracy, they have proved of inestimable value in many important inves- 
tigatious relating to astronomical science. 

It has been already mentioned that Roemer did not fail to perceive the 
superior advantage of circular instruments in making astronomical obser¬ 
vations, when compared with quadrants, or any other sections of a circle, 
and that, in accordance with this view, he procured the construction of a 
meridian circle. The example of the Danish astronomer does not seem 
to have been imitated by any of his contemporaries, nor was the idea of 
circular instruments revived, until Mayer proposed the construction of 
the repeating circle. In 1757 a reflecting circular instrument, constructed 
according to the description which Mayer had transmitted to England 
along with his lunar tables, was actually employed by Captaiu Campbell 
in making observations at sea, but it was speedily replaced by a sextant of 
twice the radius, as being more easily manageable =5'. 

Towards the close of the last century the Danish astronomer, Bugge, 
made observations with an altitude and azimuth circle. The diameter of 
the vertical circle was four feet In 1789 a vertical circle of five feet in 
diameter was constructed by Ramsden % for the celebrated astronomer 
Tiazzi, who employed it in determining the declinations of his great cata¬ 
logue Of stars. Oircular instruments of various forms soon afterwards 
came into general use. 

About the same time that circular instruments were again applied 
to the purposes of astronomical observation, the method of reading off 
the angles by means of microscopes fixed in piers opposite to the divi¬ 
sions of the limb was also restored. In the present instance, however, an 
important improvement of Roemer’s method was effected, for, instead ‘of 
subdividing the interval between two consecutive points of division, by 
means of parallel threads placed in the focus of the microscope, and then 
estimating the fractional parts of these subdivisions, the exact distance of 

* Mayer’s Tables, p. cxi. + Lalande, jLstronomie, art. 2333. 

t Jesse Ramsden was born at Salterhebble, near Halifax, Yorkshire, in the year 1735. 
Raving obtained a sound elementary education, including some knowledge of geometry 
a®d a^ebrai, he was subsequently appi-enticed to a clotliworker at Halifax. In 1755 he 
proceeded to London, where he found employment as a clerk in a warehouse, but having 
a strong inclination towards scientific pursuits, he bound himself as an apprentice for four 
yeajfs tp a mathematical instrument maker. Soon after he completed his engagement, he 
eoxxnpenced business on bis own account, and eventually attained unrivalled excellence as 
an Sei^veral of the finest astronomical instruments used in the public observatories 

erf tpv^ds the <dose of the eighteenth century were the productions of his ingenuity 

Jdta also constructed a great number of achromatic telescopes, and other phi- 
yyas ^ Fellow of the Royal Society, and also one of the 
Forei^ of the Imperial Academy of St. Petersbiorg. He died on the 5th of 

■November, 
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the index from the nearest point of division was ascertained by means of 
a micrometer screw. This mode of reading off angles was first proposed 
by the Puo de Obaulnes, in a small work which he published at Paris in 
the year 1768. Ramsdeii did not fail to see the advantages of ii, and 
accordingly he applied it to the altitude and azimuth circle which he con¬ 
structed for Piazzi. 

Towards the close of his career at G-reenwich, Maskelyne began to 
suspect, from certain irregularities in the declinations of the stars, as 
determined with Bird’s mural quadrant, that the instrument had become 
defective from long use. This fact having been established beyond doubt 
by evidence derived from other sources, he represented to the Govern¬ 
ment the expediency of replacing it by a circttlar instrument. This 
request Was acceded to, and a mural circle of six feet in diameter was 
constructed for the Boyal Observatory by Troughton*, hut it was not 
actually fi.nished when !Maskelyne died. 

John Pond, the successor of INfaskelyne at the Itoyal Observatory of 
Greenwich, was born in Pondon in the year 1767. A.t the age of sixteen 
he was placed at Trinity College, Cambridge. While engaged in prose¬ 
cuting his studies there, he displayed an interesting proof of his inclina¬ 
tion towards those pursuits which subsequently formed the ocoupation of 
his life, by uniting with two of his fellow-students in soliciting Prof. Vince 
to give a course of lectures on practical astronomy. After leaving Cam¬ 
bridge, he proceeded to the Continent, where he continued to travel for 
seme time. Upon his return to England he established his res^ensCe^ 
Westbury, in Somersetshire, and devoted his whole attention to practical 
astronomy. Saving procured an altitude and azimuth circle of three feet 
diameter, constructed by Troughton, he commenced a series of observa¬ 
tions with it, and so successfully did he prosecute his labours, that in 1806 
he was enabled to demonstrate by irrefragable evidence founded upon the 
results, that the brass quadrant of Greenwich had undergone a change of 
form since its erection in Bradley’s time f. His earliest observation at 
Greenwich is dated the 11th of January, 1811. In the month of June of 
the same year the mural circle which Troughton had been charged to 
construct for the Observatory was ready for use. This magnificent instru¬ 
ment demanded a method of observation totally different from that 
hitherto pursued with the quadrants. In his mode of using it Pond 
shewed that he possessed talents adequate to the occasion. The observa¬ 
tions of a celestial object were now made, not by determining the distance 
from the zenith agreeably to the practice hitherto pursued with the quad¬ 
rants, hut by referring the object to the pole as the zero of measurement, 

* Edward Troughton was born in 1753 in the parish of Corney in Cumberlandshire. 
He was brought up to farming pursuits till he was seventeen years of age, but he then 
proceeded to Liondon, and acquired instruction as an artist under his brother John. In 
1782, the two brothers commenced business on their own account, and by their industry 
and skill soon attained a prosperous condition. Upon the death of his brother, Edward 
continued to prosecute the business of an artist for many years, and ultimately acquired a 
European reputation by his excellence as a constructor of astrononoical instruments. In 
1830, he received an honorary gold medal from the King of Denmark. He died on the 
12th of June, 1835. A marble bust of this distinguished artist adorns the Observatory 
of Greenwich. He was the last of a succession of English artists, each of whom was 
without a rival in his day. It is somewhat singular that Sharp, Graham, Bird, Ramsden, 
and Troughton should have succeeded each other at almost equal intervals ; and still 
more so, that they should all have been born in a tract of country comprehended within 
the limits of three adjacent counties of the north of England. 

+ Phil. Trans., 1806, p. 420, et seq. 
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the position of the latter being ascertained hy observations of circumpolar 
stars. The instrument, according to this practice, served to determine the 
polar distance of an object, and therefore the results were totally iiidc- 
pendejjt of the place of observation. The error of the instrument was 
ascertained by comparing the observed places of certain standard stars 
with, their places as deduced from a fundamental catalogue. The differ¬ 
ence between each observed and calculated result gave a corresponding 
value of the error of the instrument for the day of observation, and tlio 
mean of all such differences gave the mean error of the instrument, or, 
as Pond termed it, the indeoa error. This quantity, being then applied to 
all the observations, gave the polar distances of the various objects, freed 
from the effects of instrumental error. In the case of the standard stars, 
the application of the index error supxffied the means of obtaining a cor¬ 
rection of their places as assigned by the catalogue, and it is manifest that 
by frequently repeating the same process the catalogue would be rendered 
more and more perfect This method of observation obviated the neces¬ 
sity of employing the plumb-line, the use of which was not, indeed, con¬ 
sidered by Troughton in liis original design of the instrument; while at 
the same time it dispensed with an exact knowledge of the latitude of the 
Observatory -t. 

In 1816 the Royal Observatory was enriched by tlie accession of a new 
transit instrument ten feet long, constructed by Troughton. Hence¬ 
forward the Greenwich determinations, both in polar distance and right 
ascension, acquired a degree of precision which has bardly been surpassed 
hy tlie most accurate observations of tbe present day. 

In the course of his famous controversy with BrinMey on the parallax 
of the fixed .stars, Pond Avas led to employ occasionally a new method of 
observation which he subsequently practised with great success. It is essen¬ 
tially founded upon the principle of optics that when a ray of light is re¬ 
flected from any surface, the angles of incidence and reflexion are equal to 
each other. In virtue of this principle, it is clear that when a celestial ob¬ 
ject is observed with tbe mural circle by direct vision, and also by reflexion 
from the surface of a fluid, the half of tbe angle contained between the 
two readings of the circle will assign the altitude of the object, and the 
reading which corresponds to the point of bisection will indicate the 
horizoixtal point. Hence, knowing tbe latitude of the place of observa¬ 
tion, the polar distance of the object may at once he determined. Pond 
fi.rst applied this principle by observing the object at one of its transits 
by direct vision, and then at the next transit hy reflexion from the sur¬ 
face of a trough of mercury. This method was attended, hownver, with 
inconvenience, inasmuch as, in consequence of unfavourable weather, 
several days might intervene before a complete observation could be 
obtained. ^Moreover the result was liable to some degree of uncertainty, 
arising from the different effects of refraction at the beginning and end 
of the interval, and from causes tending to produce a slight derange¬ 
ment in the adjustment of the different parts of the instrument. Im¬ 
pressed with a sense of these defects. Pond contrived a method of observ- 

* The process thus indicated would not free the polar distances of the catalogue of a 
comnQon error, hut Pond shewed how this object might be effected by observations of 
stars.— (JPhU. Trans., 1818, p. 410.) 

-1 latitude was necessary for transforming the polar distances into 

mdfdae&s, a. view to compute the effects of parallax and refraction, hut it is manifest 
that, fo* shiai a pdrpese, ex.hrebae precision was not required- 
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ing a celestial object at one transit botli by direct and reflected vision* 
founded u]^on a combination of simultaneous observations made ■with two 
mural cirGles’*^. A mural circle by Jones, tbat bad been destined for tbe 
Cape of Glbod Jdope, was employed, along with Trougbton’s circle, in test¬ 
ing tbe practicability of this metbod. Tbe experimeiit having been at¬ 
tended witb complete success. Pond solicited from tbe Oovernment tbe 
permanent use of tbe second circle, and bis request being complied witb, 
be now introduced the metbod into general practice. 

Pond commenced bis renfular observations by direct and reflected vision 
in the montli of September, 18S6. This metbod of determining tbe 
zenitb point continues still to be practised at Grreenwich, except in so far 
as relates to tbe use of two circles, tbe present Astronomer Koyal having 
devised a mode of etfectLng tbe same object by means of only one circle. 

Pond did not fail to make regular observations of the sun, moon, and prin¬ 
cipal stars, but be devoted less attention to tbe planets than tbe importance 
of improving tbeir respective theories demanded. Xn sidereal astrononiy 
generally, bis contribution to tbe existing stock; of knowledge was mucb 
1 X 101*6 6xtGiisiv6 tliat of -his prodccGSSor. His p^culi£ir 1110 thods fox* 

eliminating the effects of instrumental error, were founded upon a akilfnl 
combination of masses of observations, and be was led in conseg^uence to 
d-GtcrminG tlio plaices of sl consiclBrB-blB xiuinbor of stai’s, In 1833 hB 
published a catalogue of 1112 stars, which proved a valuable acquisition to 
the practical astronomer. It is generally admitted to he one of the inost 
accurate productions of the kind that has ever been given to tbe world ,. 

In tli6 atituniii of 1835, Pond “wbs compelled by ill liealth t(> msi^i hxs 
appointment. The Government manifested a just appreciation of his 
m^its, by bestowing upon him a retiring pension, but be was not destined 
loncy to enjoy the fruits of their liberality. He died on the Xtb of Sep¬ 
tember, 1836, and was buried at Lee in Kent, in the same tomb with 

^^eoro-e Bid del Airy, Esq., tbe present Astronomer Royal, commenced 
bis labours at Greenwich as tbe successor of Pond, on tbe 2nd of October, 
1835. Re bad already earned a distinguished reputation by his re- 
sear-clies on physical astronomy, and by his directorship of tbe Observatory 
of Cambridge, to which be was appointed in the year 1838. During 
the period of Ms connexion witb the latter establishment, be intro¬ 
duced a practice which did not fail to exercise an important influence on 
the future character of tbe labour peiformed at public observatoiies in 
country. It had been hitherto usual for tbe directois of ^sueb estab¬ 
lishments, to confliie tbeir attention exclusively to observations ^ tbe 
celestial bodies, leaving to others tbs task ot tbeii reduction. Flam¬ 
steed, indeed, deserves to be cited as an liononrable exception to this re¬ 
mark'; and with respect to his successors, the cirenmstsmee of their 
havin®’ omitted to reduce tlieir observations, must be attributed ^to tbe 
scRiitiiiGss of til6 rGsourcGS wliicli tliB GoTBriiniBiit jplEcccl £it tlxsii disjposEl^ 
rather than to any inattention or apathy on tbeir own part. There can 
be no doubt, however, tbat the restriction of their labours to mere obser¬ 
vation, tended seriously to frustrate the very object for which public ob¬ 
servatories have been established, namely, the attainment of a more 
ECCXll'RtB kxiOwlsdgO of tllB lllOVGniGIltS of tllB CGlcstlEl llodlGS , j^OX B\Y 111 
dividuals could muster sufficient courage to undertake the investigation of 


For a description of this method by Pond, see Mem. Ast. Soc., vol. ii., p. 499, et seq. 
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any subject relating to astronomical science, when, as a preliminary opera¬ 
tion, it was found indispensable to execute an enormous mass of tedious 
calculations. Indeed it is not to be expected, that any one can take such, 
an interest in the reduction of observations as the person who actually 
makes them, and hence it is reasonable to presume that lie of all others 
is best q_uali:&ed for the execution of so laborious a task. Under a strong 
impression of the imperfect state of all observations that were not imme¬ 
diately available for purposes of research, Mr. Airy, as soon as he was 
appointed director of the Cambridge Observatory, introduced a system of 
reduction as a normal part of his duties. The volume of results which 
henceforward issued annually from that establishment, formed a perfect 
model to the practical astronomer. Not only w’ere the observations regu¬ 
larly reduced, but in so far as the planets were concerned, the results were 
compared in every instance with the corresponding numbers calculated 
from the most esteemed tables, so that the errors of the latter being thus 
exhibited in bold relief, served to invite rather than to repel the re¬ 
searches of the theoretical enquirer. This admirable system was shortly 
afterwards introduced at Greenwich. 

Another practice of great utility, which Mr. Airy adopted during his 
directorship of the Cambridge Observatory, and which he followed up 
more effectually upon his removal to Greenwich, was that of making 
regular observations of the planets. This was a department of practical 
astronomy, which for a long lime had been very much neglected at the 
Toyah Observatory. The sun, moon, and principal stars were regularly 
observed as they passed the meridian ; but, except during opposition, the 
places of the planets were very rarely determined. Mr. Airy’s atten¬ 
tion was strongly directed to the expediency of remedying this defect, by 
the difficulty which he experienced in procuring suitable observations of 
the planets, while engaged in researches on physical astronomy- The 
planets are now invariably observed at Greenwich on every practicable 
occasion, at whatever hour they pass the meridian. 

From the intimate connexion which was found to subsist between the 
lunar theory and the poroblem of the longitude, the moon has formed an 
object of unremitting attention at the Observatory of Greenwich, ever since 
its establishment in lOYS. This constancy of purpose has not failed to 
produce its due fruits, for it is universally acknowledged that, in so far as 
obsei'vation is concerned, the present advanced state of the lunar theory 
is almost exclusively attributable to the labours of the Greenwich astro¬ 
nomers. It is therefore an object involving in an especial degree the 
honour of the Royal Observatory, to render the observations of tbe moon 
as accurate and as complete as possible. In pursuance of this object Mr. 
Airy has recently introduced the use of an altitude and azimuth instru¬ 
ment at Greenwich, for the purpose of making observations of the moon in 
any part of her course above the horizon. Two distinct circumstances 
suggested the expediency of deviating in this respect, from the plan of ob¬ 
servation hitherto pursued at the Royal Observatory. In the first place, 
it frequently happens, from the unfavourable state of the weather, that the 
moon cannot be seen when she is on the meridian. Secondly, although 
the heavens should be perfectly serene, it is found to be impossible to 
dis^rn the moon on the meridian for several days before and after her 
cor^iquction with the sun, on account of the overpowering effulgence of 
the ^1% rays. It happened from this circumstance that throughout an 
are coihi|gr^^ding els much as one-third of her orbit, tbe moon hitherto 



HISTORY OF ASTROHOMT, 


had never been obeerved at all. The altitude and azimuth instmnnent, 
devised by Kr. Airy-for *remedying ^ defect, v^as construeted by 
joint exertions of Messrs. Ransome and May, engineers of Ips-^oh, and 
Mr. Simms of hiondon, the successor of tlie celebrated Troughton, Roth 
the ver-tioal and azimuthal circles are 3 feet in diameter. The telescope 
attached to the instrument is $ feet long, and, is furnished -with an object- 
glass of 3^ inches aperture^. The observat4otit^ vyith it were commenced 
on the 16th of M:ay, 1847. In practice it has been found to work admi¬ 
rably. Mr. Airy considers the results to be hardly, if at all, inferior to 
those obtained by the use of the mural circle* The utility of the instru¬ 
ment in promoting the object for which it was designed, soon became ap¬ 
parent. It has been found that the moon may he observed with it in the 
morning and the evening, when she is only an hour distant from the sun. 
The consequence has been, that the number of lunar observations, con¬ 
tained in the volume that issues ai^^aally from, the Greenwich Observa¬ 
tory is now about three times greater than it formerly wasf, -while, at the 
same time, the observations with the new instrument, possess this peoul^ 
advautage, that many of them have been made in a part of the 
orbit, where no observations at all had hitherto been supposed, to be pr^Sr 
ticable 1. It is manifest that this circumstance cannot fail to be abtendc)# 
with advantage in contributing towards the further improvement of 
lunar theory. , , < 

The complete reduction of the observations of the moon and pdaig^tp 
inade Greenwich since the middle of the last century, is 

cl-1& present Astronom^er^ is imperishably^^Kaamd. 
At tibe meeting of the British. Association, held, at Cambridge in 1833, Mr. 
Airy suggested the expediency of effecting a uniform reduction of all the 
observations of the planets made at Greenwich since 1750, the year when 
Bradley commenced his observations -with the new instruments con¬ 
structed by Bird §. He proposed, on that occasion, that if the Government 
should agree to defray the necessary expense, he would undertake gratui¬ 
tously to superintend the whole operation. At the instance of the Associa¬ 
tion, the Government acceded to this proposal, and the work was forthwith 
commenced. The results were finally published in 1846, in one large 
quarto volume. The whole work is divided into five sections. In the 
first section the errors of the clock are deduced from the observations. 
In the second the errors of the instrument are similarly investi^ted. In 
the third the geocentric places are computed from the observations. In 

♦ A detailed description of this instrument will be found in the volume of the Greert- 
wicJi Ohserniations for 1847. 

•f- During the first year which elapsed after the insti-unaent was in operation, the numher 
of lunar ol^ervations made with it amounted to 208. The number of similar observa¬ 
tions made on the meridian during the same period was only 111. 

$ This must be understood only with respect to the sun. _ The moon had been 
observed from the earliest ages in every part of her absolute orbit; but as the permrha- 
tions of her motion depend noainly on her angular distance from the sun, it is obviously 
a matter of primary importance that she should be observed in every part of her course 
relative to that body. 

§ Previous to the epoch referred to in the text, astronomei-s were not in the habit of 
recording their observations so fully as to admit of their being reduced in the present day 
with all desirable accuracy. Thus the indications of the barometer and thermometer had 
not been hitherto noted by any observer, not even excepting Bradley. Apart, thei-efore, 
from all consideration of the superiority of the instruments constructed by Bird, this cir¬ 
cumstance alone would reader it inexpedient to attempt the reduction of any anterior ob¬ 
servations. 
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tlie fourth, the corresponding places are calculated from the best existiiPi^ 
tables. lu the fifth the observed and tabular places are compared 't-o- 
gether, and the resulting errors exhibited. 

When "we consider that the observations which form the subject of tlxxst 
immense volume, were made by various individuals, with instruments veirjjr 
different from each other, and by methods totally dissimilar, we may fonxiY. 
some conception of the difficulty of eliminating the systematic errors "to 
which they were liable, and assimilating them by legitimate principles 
as to exhibit them in tlie character of one homogeneous collection 
results. The execution of this great undertaking renders the Greenwiolx. 
observations of the planets from 1750 to 1830 immediately available 
purposes of theoretical research, leaving in this respect nothing further ~to 
be desired. 

The reduction of the Greenwich lunar observations from 1750 to 1830 
was undertaken at the public expense in consequence of a representatioxx 
to that effect having been made to the Government by the British Asso¬ 
ciation, agreeably to a suggestion of Sir John Lubbock’s on the ocoasioxx. 
of the meeting of the Association, which was held at Liverpool in 18BT- 
The organization of the plan of reduction, as well as the superintenderx oc3 
of its execution, was in this instance also confided to Mr. Airy. In coxi— 
sequence of the multitude of inequalities by which the raoon’s motion 
affected, the undertaking was one of stupendous magnitude. In order to 
form some idea of the labour expended in its execution, it may be niexi — 
tioned that upwards of 8000 places of the moon were deduced from tlx<3 
observations, and compared with the corresponding places calculated froixx 
the tables. An extraordinary force of computers was employed for sevexrnX 
years at the Loyal Observatory in these calculations. The results ■wox'o 
finally published in the year 1848, in two quarto volumes ='«. Mx*. Aix'y* 
who is distinguished no less as a theoretical than as a practical astronomoV, 
has made them the subject of profound discussion, with a view to obtfxiix 
a more accurate knowledge of the moon’s motion, and has announced t-lio 
conclusions at which he arrived in a p)aper which appears in the sevexx— 
teenth volume of the “ Memoirs of the Astronomical Society.” f 

Allusion has already been made to Pond’s method of determining tlio 
zenith distance of a celestial body at one transit by a combination c> f 

* The calculations connecfed with this great undertaking were superintended by TVTi'.. 
Hugh Breen, who had the melancholy satisfaction of just living to see its coinpletlotn. 
Mr. Airy, who bears honourable testimony to his skill and accuracy, states, at the begi’iti — 
ning of the first volume of the published results, that after a short illness he expired oic.i 
the morning of April 1, 1848, only a few hours having elapsed after the last supplies-- 
mentary tables had been sent to the press. * ‘ 

+ Allusion has already been made to some of the more important results of these vg — 
searches in a former part of this "work. Another very interesting confirmation of thenri is? 
mentioned by Prof. Hansen, in a letter to the Astronomer Royal, dated June 27, IS.SO 

1830.) Mr. Airy had deduced + 1'.721 as the correction 
or D3.ixioibG3.ix V3.1iXG of tliG sffculsLT ixiotiion o'f tiiG Iuhelt uodG- Prof* KtsnsGiTy Ixetv'Xxi 
caused one of his assistants to compute, by the modern tables, the nineteen ancient ecliipBC^H 
recorded by Ptolemy in the Almagest, found by a comparison of the results With the 
corded observations, that the correction of the same element should be + 1'.643. □Tlito 
close agreement of these two values will appear very remarkable, xvhen the comple:K:it: v 
ot ttxe moon's motion is taken into account. Professor Hansen states that they 

^ ^ could be desired, with the corresponding value deduced by him fi.'oiri:'!. 

The result of these different researclies completely refutes tlxio 
’fo^tlx by Prof. Seiffarth of Leipsic, to the effect that the anciesinit 
nodS^^ ^ a considerable correction of the motion of the lixn3.*r 
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Mr. Airy’s direotorsliip''o'fvt&/ 
e,* ko ■'dovissd a rastddo of accoraplislaiiig tke saxne 
one This tiractiGO was arlGrttftfl Wr 



one oiroie. i'ms piuotice was adopted by bim 
'appbrattoent aS'Astronomer Boyal; aiid, as 
kencefoftv’ard'necessary fci* thaf esifeablisbrnent, 
K-xtoy {Tones was dismounted in the year 1839, and was 
of/Q-bod Hope, for the use of the Hoyal ObserYiiSf|f 
l|]^t bbiony. ' ' 

iitrokomy, as in every othei: department of human hpb^ 
»,(^5^duttstances hre constantly arising which Create the necessity 
improvement. ,The mepdional instruments constrimledVlS' 
=‘:fbr the - Royal 'Gbservatory of G-reenwich, were untiv^i^|i 
of artistic excellence, and in the hands of Pond’ and his iiSsbi 
% served amply to uphold the reputation of that establishment. In 
recent times, however, it has beerr found that they are no longer adequate , 
to the exigencies of the present state of astronomical science. The,; 
difficulty which has been experienced in observing on the raori( 

§m.all planets that have been recently discovered, and also 
faint stars, whose i^ositions it is necessary to determine in connexion 
extra-ineiidional observations, Iras suggested the expediency of re 
the telescope of the mural circle by one of larger aperture *'. ~ 

ciroMf howe’er,' ,n.et-' adapted for carrying a la 

tcj'* different: •'mode of oonstrdctioi 

should hb oonstrbethd,.''Which sJ 

the'>fito©'^ns'bf%bth .'the mural oirble and the transit. The’aavantage oi'an 
inshfUmeAt capable of assigning toir/t due precision the two elements of the 
position of a celestial body, must be obvious to every reader. The transit 
circle devised by Mr. Airy, with a idew to the accomplishment of this ob¬ 
ject, was constructed by Messrs. Ransome and May, of Ipswich, and Mr. 
Simms, of London. The circle is 6 feet in diameter. The telescope has 
an aperture of 8 inches, and a focal length of 11 ^ feet. The adjustment in 
azimuth and colliraation is effected by means of two collimating telescopes, 
placed oqe to the north and the other to the south of the instrumentf... 

©scope of Troughton’s mural circJo had an aperture of ,4 

IdO'" ^ ’ "t-- 



y iPenfiohed' Ps 464) €hat Roomer d< 

.if _^li'_ ik._I .fl_ li _ ..X __1_Jlj''- 


oollitnafioo of his trafiStrcircle by mfeahs of*two distinct marks diametrically opposite to 
each other. '' Itt. fixing two objects at the exact distance of 180® apart, he emplbycd'a’ 
telescope of a peculiar construction, termed the amphioptray or reciprocal tube,; wliicsh :; 
he contrived for that express purpose (^JBasis Astronomies, p. 97). It is necessaay, wlien; 
a fixed object is employed directly as a meridian mark, that it be situate at a considerable 
distance from the telescope, so that the rays of light from it may enter the object glass 
in sensibly parallel directions, otherwise they will not converge at ffie focus. The intbr-♦ 
vention of a lens, however, serves to render a near mark equaUy suitable for this purpose ; 
for sinob parallel rays of light falling upon the lens converge at its focus, so on the other 
hand, if an object 06 **placed at the focus of the lens, the rays of light diverging from it 
will be refracted by the lens, and, emerging in parallel directions, will produce the same 
effect ®s if they came from an object at an infinite distance. Hence, if an object be 
viewed with a common astronomical telescope, through a lens adjusted to it in this man¬ 
ner, it will appear quite distinct in the focus of the telescope, at whatever distance it be 
situate from tne observer. This mode of obtaining the advantage of a distant mark, was 
originally devised in 1785, by Dr. Rittenhouse, an American philosopher ( TVans. Amer. 
JPhil. Soc.y vol. iu, p. 181). The collimating telescope is an application of the same 
principle. It consists of a small telescope, having its object glass turned towards the 
object glass of the telescope to be adjusted. In this case it is clear that the cross wires 
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j|v ^^jj^iiym ^l'..diefc:ef‘i3a'i^ tlie^ gi?iBiOi|)a^l .loMect of. atten- 

"'ii'Ss^i^;'(^sorY:&ifei^ ofii|i:^oO}];aiiaooios'. ij4iteEii::ie ,axe, laot altO'g;©- 
.'Jla.. ott@'o'f, 40 TOi^ro£' .itb;e';;Woi!^..:,w paxt- of tto,.© 

__ _ tJiof© is fitted op , an ©onatoyi.ai pf 4 feet fii;; d^ •wbiofi 

, was origitially constructed 'bj KamsdeB. for gjiip &eQrg^ 

’ layad - ■sdikiek in 'tli© .year,,, .dS 1.1:,, ,*was/..preseiated^ ,,tovffiie": 'Boyal .-O'J^sO’rva- 

M,r. Jenkinsoa., 'instpxnlent is, ,'Oeoa.siooa%„„'?awd' 

..©omets^ ■ ;'.ii,;,lkas recentljj ..I?;©©!!' ©mployoddn doforBaining’tfe®, 
.and tfie ,ne}gfi]bodWg,'Stars>.,ia^wnA®'®^i'4**^ 
spOfniipig .ofeserrations of tfie Ainerican ©xp©|djttion to Olidit. 
tern dome. of tlie modern of ^ tfie olaaeryatory,, a 

Ae, mounted,,,eguatorially,.fias .feeen.'in,odnstent ns!e,smoe' 

, .’ ,'Xfoe' ofijaet glass, wMefi is.,by O,aocfioix,',.,.of;-j^aris, ,^', -tbe 

,,'nat^i-ii^w4,',,gift,, ,.to .'the,■obaeryatoryB*- ,Itfiaa 

,ftyi' : .fl.peTtaire of ^ 6^7 , inobeS',.^^ ,aad- ia., fonal ,',,.^ ® feet ,Tbis 

.t^iescop© is, fitted tdfo?fo®.©ti», i'ed^il^yedf::;^^ 

.' 'iliry /'/ It •,ipkas, 'm)©as,,uring,,the diamet©rs'?(of;,,:t^:’|p^^^^ 

and ,in , determining, the distances and an^es of positmn Of, 

An interesting result obtained by tbe use of tliis telescope, is the recent 
determination of the true figure of the planet Saturn, by the Bev. Mr, 
Main, the. chief assistant at the Koyal Observatory, 

Besides the equatorials above referred to, there are also detached tele¬ 
scopes for the observation of eclipses, occultations, and other phenomena 
of a similar kind. Among the instruments of this description is a reflect¬ 
ing telescope of 10 feet, constructed by Sir ’William. HerscheL 

dn Pond’s time an instrument termed the zenith tube v'as constructed 
by Troughton for tbe observatory, the object of which was to determine 
small dietances from the zenith. It consisted of a tolesoope 84 foot long, 
Rusted to the zenith by the aid df a plumb-line. ' The sm^alf 
in the zenith distance of a star were ascertained by measuring an 

internal micrometer, the deviations of the star from the optic|,l _ai5;is of 
the telescope. In practice the use of this instrument was limited to 
observations of y Draconis, which passes -within about 8' of the zenith of 
Greenwich. 

The zenith tube was first erected in 1833, and strong hopes were enter¬ 
tained that observations with it would lead to a more accurate determina¬ 
tion of the constant of aberration, and might also serve to throw light 
upon several other interesting points of astronomy. These hopes, how- 


iu the.focus of the former telescope will form a distinct image at th© focus of tbe latfcer- 
- Rgnrrft, if the collimating telescope have a fixed position in the meridian, tlie transit may 
,b© adjusted to it by bringing its cross wires to coincide with the cross wires of the col- 
l^atoiTi Tbe principle of the collimating telescope has been applied to various astrono¬ 
mical purposes in modern times by Gauss, Bessel, Kater, and others. We have already 
Ti^/l occasion to mention a singular mode of using it, by Dr. Robinson, in hi® i-esearches 
on Irradiation (see p. 353). ; . 

♦ One of the peculLarifies of ihis instrument, consists in its being made of as few sepa- 
a^i|e, possjible, so as to obviate the effects of unequal e^panhiou, and to seeiire ; 

'^fesc^Haily the adjustment pf tbe ciiflferent parts. Por this purpose the: TOsd®ri^_^of 
ciQ^k^|;hpdp*l Is 09^ itop, the, ^vots,'.of ',the axis hein,g'hardened hy :Ph)0!^fr'w4d^'-,, 
eB^o|«e^ tproa , , ■. ,;. 

»!• Bee at|iL£S!^^a^hrSeic>a®fe»ion;to fIie-,PbjeGtPf ,,thisyexpedition,j 
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iiiT'e bibseirved ’ as *tbey ’’pa^' the' me1!id®@®^^oa''e^!^'1^Sl2Sc^ 

'A. i06tasi4erable 'mimbef'of -other stars is -also observed on.i^fee 
>|^4iaia for particular purposes. Then there are* the extra-meridibwai 
phsSrvations -with' the equatorials, comprehending occasional observatiohiS 
of comets, determinations of the diameters of the planets, and micro- 
inetrical measumments of double stars ; besides observations from time 
to time of eclipses, oceultations, and other such phenomena, with detach^ 
telescopes. Thb oibservations of the planets for the year are all reduMqii^^ ' 

hf*th®'''ea]rth'and' -planet'are''also regularly formed. ' The''observa¬ 
tions, in fact, are so exhibited as to be immediately available for correcting- 
the elements of the planets, or otherwise perfecting the theory of their 
movements*. The stars observed during each year are also reduced to 
their mean places, forming the materials for occasional catalogues, which 
prove of inestimable value, both as a guide to the practical astronomer 
and as a groundwork of research to the theorist. The same system of 
complete reduction is applied to all the other observations. In the caso 
of cccultat^ion®^^^^^ stera^ ^t!l^^moon,; 

indreated-;by-^tim‘''Natal)i4al'Alraanate, knd the errors of the" ephdmeris, 
or rather w the * tables of the satellites, thereby clearly exhibited ' I® 
,the ©yd.;' 

It will be obvious to any person who bestows even a passing glance 
upon the annual volume of the Gf-reenwidh Observations, that the office of 

' ' * ' "1 ' ■ ■ ' ' - - ■' "■ '. ^ ' . , ■■ . 

* .The error in the geoceixtrfe longitude of a planet may artae ftom either of the fol¬ 
lowing causes :—1st, an error in the earth’s longitude; 2nd, ^ error in the radius vector 
of the earth’s tirbit; 3rd, an, error in the heliocentric longitude of the planet; 4th, an error 
in the radius Vector of the planet’s orfeit. Hence an equation is formed between each, 
error of geocentric longitude and the four errors ahove mentioned, represented algebrai¬ 
cally as unknown quantities^ In the annual volume of the Greenwich Ohsernations, the 
numerical values of the coefficients of the different terms in each equation are regularly 
calculated, but this is the farthest step that is practicable. The discussion of the equa¬ 
tions can only be undertaken, with ariy hopes of success, when they have accumulated in. 
large numbers, and when the observatiGns to which they relate have extended over a 
considerable period of time. ’ 
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Astronomer Royal is no sinecure. One forms, liowever, a very imperfect 
idea of tlie heavy responsibility attached to the directorship of a national 
observatory, from a mere inspection of the current laboui's of the establish¬ 
ment. The rapid progress of astronomy in modern times, is constantly 
.suggesting the necessity of modifjnng in some degree the instruments 
and methods of observation in actual use, and it is therefore desirable 
that the individual appointed to such an office should possess a natural 
aptitude for encountering every fresh difficulty that may occur in the 
practice of observation, ^vbile at the same time he should maintain a 
vigilant eye over the labours of his contemporaries, so as to avail 
himself of every really useful improvement that their researches may 
elicit. It is hardly necessary to remark that sound judgment and 
strong natural sagacity, combined with a profound knowledge of the 
various branches of physical science bearing upon practical astronomy, as 
well as indefatigable energy, are indispensable to the due discharge of 
such duties. It is universally admitted that the present Astronomer 
Royal has proved himself to be eihinently qualified for his ai'duous office, 
and that he has upheld in the most satisfactory manner the ancient repu¬ 
tation of the Observatory of Greenwich. Moreover, while he has been 
actively engaged in the promotion of objects more immediately relating to 
practical astronomy, he has not failed to contribute to the advancement 
of astronomical science in general, by researches of a i^urely theoretical 
character. It ought to be remarked, also, that in virtue of liis office lie is 
frequently called upon by the Government to take an active part in scien¬ 
tific operations, which have only a remote coiiuexion with astronomy, but 
which necessarily demand much careful attention. In all these labours, 
as well as in the multifarious detnils connected with the ordinary discharge 
of his duties, Mr. Airy has uniformly disiolayed the same consummate 
ability, the same untiling energy-, and the same devotedness to the trust 
committed to his charge. 

A retrospective view of the history of the Royal Observatory of Green¬ 
wich is calculated to excite feelings of agreeable satisfaction with respect 
to the mode in wdiich that noble institution has fulfilled the end for which 
it was originally designed. From the circumstance of the observations 
extending with uninterrupted regularity over a long period of time, and 
from their undisputed excellence, they have formed almost the exclusive 
mateiials by means of v^hich astionomers in modern times have succeeded in. 
bringing the tables of the sun, moon, and j)lanets to their present high state 
of perfection. The lunar theory, which so intimately concerns the interests 
of navigation, has been especially indebted for its successive improve¬ 
ments to the observations made at Greenwich. It is also mainly by a 
discussion of Greenwich observations tliat the constants of precession, 
and tbe othei uranogiaphical corrections, have been, established with such 
piecision in the present day. Relamhre has justly remarked that if by 
some great revolution the sciences had perished, while this collection of 
observations alone, with some methods of calculation, had survived the 
general wreck, there would still remain sufficient materials for recon¬ 
structing the whole edifice of astronomical science*. In the present day 
when the attention of astronomers is being directed to questions of greater 
delicacy Ilian any which bad hitherto formed the subject of research, the 
materials annually accumulated at Greenwich have acquired new claims 

* Histoire de 1’Astronomic au Dixliultieme Siecle, p. 627. 
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to the consideration of the theorist. It is thus that the recent determi¬ 
nations of the places of the stars at that observatory, have served to 
confirm beyond all doubt the interesting conclusion arrived at by various 
astronomers in modern times relative to the motion of the solar system in 
space 

In the department of practical astronomy, which relates to the de¬ 
termination of the figure of the earth and the promotion of objects con¬ 
nected wdtli geographical science, England, although not the first in 
the field, has in i*ecent times assumed a distinguished position. The 
geodetical operations which have been cai*ried on in the pi*eseiit cen¬ 
tury, both in the British Isles and in India, may fairly challenge compa¬ 
rison with the most unexceptionable undertakings of a similar kind that 
have been executed on the Continent. The Indian arc of the meridian 
is, moreover, especially remarkable for being the longest that has yet 
been measured upon the surface of the earth. With respect to those 
operations which have for their object the determination of the terrestrial 
ellipticity hy means of experiments with tile pendulum, it maybe asserted 
with confidence, that iio country has achieved so much as Britain has done. 
The e.Kperiments of the lamented Captain Foster, for completeness and 
delicacy of execution, may be said to leave nothing further to be desired. 

It is impossible, witlxin the limits of this work, to give an account of 
the numerous establishments that have been founded, in different parts of 
the British empire, for the promotion of practical astronomy. To the in¬ 
fluence of the Astronomical Society is attributable in a great degree the 
activity which thus generally prevails. This society was founded in the 
year 1820, and was finally incorporated by Boyal Charter in 1830. The 
first President of the Society was Sir William Herschel. 

In France, practical astronomy continued to make slow progress durmg 
the whole of the eighteenth century; a circumstance mainly attributable 
to the imperfect organization of the Hoyal Observatory of j?aris. Some 
brilliant exceptions, indeed, must be made to this remark. We have 
seen Eacaille, in spite of unfavourable circumstances, raise himself, by 
the mere force of his talents, to a high position among contemporary as¬ 
tronomers. It has been remarked, also, that France took tlie initiative in 
those important operations which relate to the deteiunination of the mag¬ 
nitude and figure of the earth. In this department of practical astro¬ 
nomy, she still continued to maintain her pre-eminence. The measure¬ 
ment of the arc of the meridian comprehended between Dunkirk and 
Barcelona, was one of the most splendid scientific operations of the 
eighteenth century f. This magnificent undertaking was executed under 
the joint superintendence of Delambre and IMechain. Delambre, more 
especially, by his labours on this occasion, pu'oved himself worthy to be as¬ 
sociated with Picard, Bouguer, and Eacaille.- The main peculiarity of the 
operation consisted in the observations having been made exclusively with 
the repeating circle. It has been already’’ mentioned that Mayer first sug- 

* In recent years attention has been devoted at the Greenwich Observatory to the phe¬ 
nomena of Meteorology and Magnetism, and the observations relative to these departments 
of physical science are now published with the same regularity as the astronomical obser¬ 
vations. 

f It may be remarked that the object of this operation was, not to determine the figure 
of the earth, but to obtain an invariable standard of measurement, by adopting as the 
fundamental linear unit, the ten millionth part of a degree of the meridian. MM. Arago 
and Biot subsequently extended the ai’C beyond Barcelona to Forinentera, one of the Bale¬ 
aric Isles. 
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gested the principle of repetition as a meaiis of obviating the errors of 
division, in astronomical instruments. The idea of that astronomer 'was 
not, however, realised till the year 1787, when it was at length applied 
successfully by Borda, a Fi'ench officer of Marine, distinguished by philo¬ 
sophical acumen and strong j)ractical talents. 

In the construction of tables of the various planetary bodies, an object 
of research which may be said to form the connecting link between theo¬ 
retical and practical astronomy, the labours of Delambre would suffice to 
assign to him a high place in the history of astronomy, even although he 
possessed no other claims to the recollection of posterity. The method of 
equations of condition, the utility of which Mayer originally exhibited in 
his admirable researches on the libration of the moon, was employed with 
great success by Delambre, in the year 1786, in correcting the elements 
of the solar orbit by means of Maskelyne’s observations. His tables of 
the planets Jupiter, Saturn, and Uranus, and of the satellites of Jupiter, 
which shortly afterwards appeared, as w'ell as his solar tables, which were 
published at a later period, were all admirable attestations of his perse¬ 
verance and skill. He may be said to have been the first who submitted 
masses of observations to a systematic process of treatment, deducing in 
this manner, from their totality, an accuracy of result which was unattain¬ 
able by a succession of partial operations 

About the commencement of the present century, an improvement was 
effected in the organization of the Hoyal Observatory of Paris. At the 
same time, two excellent mural quadrants, one of which was constructed 
by the celebrated Bird, were erected in suitable apartments. Hence¬ 
forward the observations assumed a character of regularity and trust¬ 
worthiness hitherto Unknown, and were destined, in consequence, to prove 
really serviceable in conducing towards the advancement of theoretical 
astronomy. In recent times, when the duties of its directorship have been 
confided to M. Arago, the Eoyal Observatory of Paris has attained a high 
degree of efficiency. Observations are now constantly made at that esta¬ 
blishment, both by direct and reflected vision, with two mural circles con¬ 
structed by French artists of acknowledged eminence f. The brilliant 
result wliich M. Le Vender deduced from his researches on the perturba¬ 
tions of Uranus, based to a considerable extent upon data procured from 
the registers of the Koyal Observatory of Paris, was a graceful homage to 
the illustrious philosopher, at whose suggestion he w'as induced to under¬ 
take an examination of the subject. 

In no country has practical astronomy made more rapid progress during 
the present century than in Germany. The labours of Bessel and a host 
of eminent astronomers, afford ample confirmation of the truth of this 
remark. It must he allowed, also, that in the construction of astronomical 
instruments, the German artists have attained a degree of excellence 
which is unsui^assed in any other country of the world. 

Denmark still continues to sustain her ancient reputation by her patron¬ 
age of astronomical science. In M. Schumacher, whose recent death has 


Jean Baptiste Joseph Delambre was born at Amiens, in the year 1749. He died at 
Pans m 1822. 

h mural circles ■svas executed by Gambey, an artist who appears to have 

attamed a. very hi^ degree of excellence in the art of graduation. According to 
M. haye, the probable ei-ror of the interval between two consecutive points of division 
r » constructed hy him for the Royal Observatory of Paris, is less than 0"-l08. 

(Compfes MendxiSf tome xxvii., p. 640). Gambey died in 1847. 
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been so deeply deplored by the astronomical world, practical astronomy, 
more especially, has lost a supporter whose place it will be difficult to 
supply. The AstTonomiscJie "Nachriclxten, with which the name of that 
astronomer is inseparably associated, has, perhaps, contributed more to¬ 
wards the improvement of astronomical science, in all its branches, than, 
any similar publication has ever done. This celebrated, periodical was 
established by M. Schumacher at Altona, in the year 1821, and has ever 
since formed the common medium of intercourse among astronomers over 
the whole civilised world. Its publication continued to be I’egularly 
superintended by him till his death *. 

While England, France, and Germany have been contributing towards 
the advancement of practical astronomy, Italy has not remained an idle 
spectator of the scene. There is assuredly no cause of more cheering 
congratulation, to those who look forward to the regeneration of that noble 
country, than is afforded by the circumstance that, while trodden in every 
age under the hoof of the oppressor, she has never, even in the darkest 
hour of her distress, resigned herself to despair, hut has invariably main¬ 
tained her high position in the intellectual world, with a constancy of 
purpose and a brilliancy of success worthy of her deathless renown. 
While unrivalled in the productions of the imagination, Italy has been 
always ready to dispute the palm with the most favoured nations in the 
more severe pursuits relating to the mathematical and physical sciences. 
In Oriani and Piazzi, as well as many other eminent individuals of modem 
times, she has afforded abundant evidence that practical astronomers of the 
first order are not w^anting to sustain her reputation. 

The efforts which Paissia has made in recent times to acquire a position 
in the civilised world conformable to the grandeur of her material re¬ 
sources, have in no instance been more signally illustrated than in her 
nmnificent patronage of astronomical science. The earliest observatory of 
that country was built at St. Petersburg, in 1725, under the auspices of 
Peter the Great. Delisle, a French astronomer of considerable experience, 
wns its lirst director. As in the case of most of the early observatories 
of Europe, it was built in the form of a high tower, the observations having 
been made in an apartment at the top of the Iniilding. In 1747, this 
structure was totally consumed by fire, wliereupon Delisle returned to 
France. Shortly afterwards it was rebuilt in its original style, and Heiu- 
sius of Deipsic, an astronomer well known for his observations of the great 
comet of 1747, was appointed director. The instruments with which the 
observatory had been hitlierto furnished were only of moderate excellence, 
and consequently the observations could not be expected to possess a high 
degree of importance. In 1761, however, the llussian Government, with 
a view to extend the usefulness of the observatory, procured from Eng¬ 
land a mural quadrant of eight feet radius, by Bird, who was then in the 
zenith of his fame, and also a transit instrument of five feet focal length, 
constructed by the same artist. Grischow, who was then director of the 
establishment, justly considered that the practice of making the observa¬ 
tions in an apartment at the top of tlie building was unfavourable to the 
stability of the instruments-; and, moreover, that the situation of the obser¬ 
vatory in the heart of a populous city was not by any means desirable. 
On both these grounds, he suggested that a new observatory should be 

* Heinrich Christian Schumacher was born at Bramstedt, in Holstein, on the 3rd of 
September, 1780. He died at Altona, on the 28th of December, 1850. The Astrono- 
mische Nachrichten is now superintended by MM. Petersen and Hansen. 
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built ia a more suitable locality, and as this idea was for some tiiae favour¬ 
ably entertained by the Academy of Sciences, no immediate steps were 
taken for mounting the instruments obtained from England. It was not 
till tbe year 1798, when the design of erecting a new observatory was 
temporarily abandoned, tbat tbe instruments constructed by Bird weie at 
length adjusted in tbe meridian in two lateral apartments, situate upon 
th.e*^first floor of tbe observatory. 

Although Russia had not hitherto contributed_ greatly to the advance¬ 
ment of astronomical science in so far as meridional observations were 
concerned, it is just to state that, in regard to the important observations 
connected with the transits of Venus in 1701 and 1769, the Government, 
as well as the astronomers of that country, took a very distinguished part. 
Another important object connected with the practice of observation, which 
exercised the talents of the Russian astronomers towards the close of the 
last century and the beginning of the present, w’as the determination of 
the geographical positions of the principal points comprehended within 
the vast territories of the empire. The most active in the lorosecution 
of these labours was the well known astronomer Schubert. In 1803, M. 
Wisniewski^', an astronomer of great merit, was appointed director of the 
Observatory of St. Petersburg. Although some excellent observations in 
the meridian were now occasionally made at that establishment 'j', it ivas 
deemed advisable to apply its resources chiefly to observations of comets 
and other isolated phenomena. In 1827, tbe idea of a new central obser¬ 
vatory began again to be entertained by the Academy, and in 1830 the 
Emperor at length declared by bis minister, that the honour of the country 
apjteared to him to. demand the estahlishment, near the capital, of a new 
astronomical olservatory, confoomiahle to the actual state of science, and 
capable of contributing to its ulterior advancement. 

The first thing to be done w'as to fix upon the most appropriate situa¬ 
tion for the new- observatory. After some deliberation it was at length 
resolved, at the suggestion of tbe Emperor, that it should be erected in 
the vicinity of Pulkow’a, a small town situate about ten miles to the south¬ 
west of St. Petersburg, upon a gentle eminence commanding an extensive 
view of the horizon in all directions. The design of the establishment 
was upon a scale of unprecedented magnificence. The foundation stone 
of the buildingwns laid on the 2ist of June, 1835, and it w’as finally com¬ 
pleted on the 10th of August, 1839. 

* This astronomer seems to have been gifted -with a remarkable power of vision. 
According to M. Struve, he continued to observe the comet of 1807, in tbe month of 
March, when all other astronomers had lost sight of it for four weeks. In the case of the 
great comet of 1811 he gave a still more striking proof of his acuteness of vision. This 
comet first became visible in the month of March, 1811, and after reappearing on its 
retui'n from the perihelion, was finally lost sight of on the 11th of January, 1812. Bessel, 
however, suggested that the earth might not improbably overtake the comet, and that the 
latter might in consequence become visible for the third time, in the month of July or 
August. ’Wisniewski actually detected it at Novo-Tcherkask, on the 31st of July, and kept 
sight of it till the 17th of August. No other European astronomer appears to have per¬ 
ceived the comet on this occasion; but it is worthy of remark that it was seen by the 
Spanish astronomer Fen-er, at Havannab, in the Island of Cuba(Arc7?2. A.st. Soc., voh iii., 
p. 36). It may be mentioned that Ferrer and his companion determined the orbit of 
this celebrated comet with great accuracy from their own observations, made with a sextant 
of only seven inches radius, before Bessel or any of the great astronomers of Europe had 
published any results on the subject. 

d* M. Struve states that a series of observations of the newly discovered planets, Ceres 
and Juno, was made at the St. Petersburg Observatory about this time, wkich in point of 
accuracy miglit bear comparison with those made at any other observatory in Europe. 
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The task o£ jprovidiiig the instruments for the new establishment 
was confided to M. Struve, the director of the Observatory of Dorpat, so 
celebrated for his labours on various subjects relating to astronomical 
science, and more especially for his observations . of double stars. The 
imperial instructions relative to this object were characterised by un¬ 
bounded liberality. The principal instruments of the establishment have 
been constructed by German artists. Tor meridional observations there 
are four instruments, two of which have been supplied by Ertel of Munich, 
and two by Bepsold of Hamburghl The instruments by Ertel are a ver¬ 
tical circle 43 inches in diameter, and a transit instrument of 5.85 inches 
aperture, and 8 feet 6 inches focal length : those by Rejisold are a meri¬ 
dian circle 48 inches in diameter, and a prime vertical telescope of 6.25 
inches aperture and 91 inches focal length. For extra-meridional obser¬ 
vations, the observatory is furnished with a magnificent eq[uatorial tele¬ 
scope by Merz and Mahler of Munich, the object glass of which has a free 
aperture of 14.93 inches, and a focal length of 22.56 feet. Moreover, it 
contains several clocks constructed by the most esteemed artists of Ger¬ 
many and England, as well as an ample collection of other instruments, 
both astronomical and phj’-sical, destined for various purposes connected 
with the practice • of observation. In short, the Observatory of Pulkowa 
may be regarded as one of the most complete in existence, of those insti¬ 
tutions that have been founded for promoting the advancement of astro¬ 
nomical science. The expense attending the erection of the building, and 
its subseq[uent equipment, amounted in round numbers to 600,000 roubles 
of silver^. 

The illustrious Struve has been appointed first director of the Obser¬ 
vatory of Pulkowa. An ample staff of assistants, several of whom enjoy a 
European reputation, is allowed him for carrying on effectually the labours 
of the establishment. The sum allotted from the imperial treasury for its 
annual niaiutenance is no less than 62,200 roubles f* 

M. Struve commenced his labours at the Observatory of Pulkowa in the 
month of September, 1839. The main object to which he has x^roposed 
to devote the resources of the establishment, is the advancement of side¬ 
real astronomy. Besults of great importance relative to precession, 
aberration, and other kindred subjects, have already been deduced from 
the observations 1. 

In the United States of America, practical astronomy has recently been 
making rapid progress. A central observatory has been established at 
"Washington, which is placed under the direction of Lieut. Maury. The 
ex]pedition to Chili, undertaken with a view to determine the solar paral¬ 
lax by means of simultaneous observations of yenus and Mars, bears 
honourable testimony to the enlightened views and liberality of the 
American Government. Besides the national observatory above alluded 
to, there are similar institutions, upon a smaller'scale, established in several 
of the states of the Union. Of these, the most celebrated is the observa¬ 
tory of Harvard University, Cambridge, Massachusetts, which boasts of one 
of the largest and most perfect refracting telescopes in the world. The 
discovery of the eighth satellite of Saturn, and the establishment of various 
facts of a highly interesting nature, relative to the physical constitution 

* £100,000. ^ + £10,366 13s. 4c/- 

$ M. Struve has given a complete description of the Observatory of Pulkowa in a mag¬ 
nificent work entitled, “Description de I’Observatoire Astronomique Central de Pul¬ 
kowa, par F. G. W. Struve,” 2 vole, fob, St. Petersburg, 1845. 
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of the celestial bodies, liave resulted from the labours of Mr, Bond, the di¬ 
rector of the observatory, achieved by the use of this powerful instrument. 

One of the inventions which do most honour to the Americans, consists 
in the application of electro-magnetism to geographical and astronomical 
purposes. As early as the year 1844, the instantaneous transmission of 
time by the electric telegraph, was employed in determining the difference 
of the longitudes of "W^ashington and Baltimore. The same method has 
since been practised for ascertaining the relative longitudes of various 
other transatlantic cities. Hecently, attempts have been made, with 
complete success, to record transit observations of the celestial bodies, by 
ineans of the electro-magnetic principle. As soon as the star is seen 
bisected by the wire of the telescope, a slight pressure of the finger com¬ 
pletes or breaks the galvanic circuit, and the effect is instantaneously 
transmitted, by the intervention of a magnet, upon a recording surface, 
to which a uniform motion is given by a peculiar mechanism. This in¬ 
genious contrivance for fixing the precise instant of a phenomenon, by 
calling into exercise the sense of touch to aid that .of vision, promises, 
at no distant period, to supplant the usual mode of recording by the 
combined application of the eye and the ear^. We may remark, in con¬ 
cluding this chapter, that it ought to be borne in mind also, as an 
earnest of what may be expected from the future exertions of our trans¬ 
atlantic brethren, that to an American philosopher Practical Astronomy is 
indebted for the beautiful invention of the collimating telescop>e. 


CHAPTER XIX. 

Catalogues of the Fixed Stars.—Their imporfariee as forming the Groundwork of Astro¬ 
nomical Science.—Earlier Catalogues Ptolemy.—Ulugh Beigh.—Tycho Brahe.— 

Halley-Hevelius. — Flamsteed-Modern Catalogues Bradley.—Lacaille_Mayer. 

—I^Maskelyne.— Publication of the Histoire Celeste of Lalande.—Piazzi.—Groom- 
bridge.—Zone Catalogues of Stars.—Bessel.—Argelander Saiitini.—Catalogue of 
the Astronomical Society.—Catalogues of Southern Stars.—Fallows.—Brisbane.— 
Johnson.—Henderson.— Standard Catalogues of Stars,—Catalogue of the British As¬ 
sociation.—Recent Standard Catalogues. 

Catalogues of the fixed stars, considered as contributions to Astronomical 
Science, possess an importance arising from ttvo distinct causes. In the 
first place, an accurate catalogue of such objects furnishes a series of 
points of reference by means of which the positions of the various bodies 
composing the planetary system may be determined from observation, and 
the laws of their motions investigated. Secondly, it constitutes the 
groundwork of stellar astronomy. A comparison of catalogues constructed 
at different dates, enables the astronomer to ascertain the proper motions of 
the stars, and to arrive at conclusions respecting the changes which may he 
taking place in the physical constitution of the sidereal heavens. More- 

m 

* It would appear that several individuals in the United States are entitled to share in 
the merit of this ingenious invention, among whom may be more especially mentioned 
Mr. Bond, Mr. Sears Walker, Prof. Mitchell, and Dr. Locke. It has been stated in the 
text, that the instant of transit may be noted, either by completing the galvanic circuit, 
supposing that in the ordinai-y state of the apparatus the current of electricity is inter¬ 
rupted, or by making the electricity to flow in a continual current, and then suddenly 
breaking the circuit. Both of these methods have been practised in America. At the 
meeting of the Astronomical Society held on. the 9th of May, 1851, there was exhibited 
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over, it is by such a comparison alone, that he can discover whether there 
exist any real grounds for believing that the whole solar system is affected 
with a motion of translation in space. • 

The first individual who constructed-a catalogue of the stars was 
Hipparchus, who may be considered as the true founder of Astronomical 
Science. It is said by Pliny, that he was induced to enter upon this 
undertaking, by the sudden apparition of a new star in his time. Be this 
as it may, it is certain that he actually determined by observation, the 
longitudes and latitudes of upwards of a thousand stars, and arranged the 
results in a catalogue. The earliest production of this kind now extant, 
is the catalogue inserted by Ptolemy in the Synta£ci$. It contains the 
longitudes and latitudes of lOSS stars, arranged in 48 constellations. 
The epoch is the first year of the reign of the emperor Antoninus, which 
corresponds to the year 138 a.d. It has been suspected, on very probable 
grounds, that this catalogue is nothing more nor less than the catalogue of 
Hipparchus, transported to the time of its reputed author, hy applying to 
the longitudes of all the stars a common additive quantity for the sup¬ 
posed effect of precession during the intermediate period. 

The next catalogue of stars, in the order of time, is that of the Tartar 
prince, Ulugh Beigh. This individual, who was a gi'aiidson of the re¬ 
nowned Tamerlane, established an observatory at Samarcand, the capital 
of his father’s dominions, and devoted himself with great ardour to astro¬ 
nomical pursuits. Plaving found that the positions of the stars, as 
assigned by Ptolemy in his catalogue, were in many instances considerably 
erroneous, he formed the resolution of constructing a new catalogue, 
founded exclusively upon his own observations. This design was actually 
realised by him. The number of stars in tlie catalogue of this prince is 
1019, being only nine less than the number contained in Ptolemy’s 
catalogue. The epoch is the year 1437 a.d. The mode of arrangement 
is the same as that employed by Ptolemy. Ulugh Beigli was treache¬ 
rously slain by bis son in the year 1449, shortly after his accession to the 
throne of his father. 

The next catalogue recorded in the annals of astronomy, is that of the 
illustrious Tycho Brahe. It originally appeared in the wnrk of that 
astronomer, entitled Astronom.icB InstauratcD Frogymnasinata, which was 
first published in the year 1609. The number of stars is 777. The 
epoch is 1600 a.b. Pi'om tlie labour and skill employed by Tycho Brahe 
in its construction, this catalogue was vastly more accurate than any other 
that had been hitherto executed. Kepler subsequently enlarged it from 
Tycbo. Brahe’s observations to 1005 stars, and published it in the year 
1697, at the end of the Pudolphine Tables. 

Halley’s Catalogue of Southern Stars w^as the next in succession after 

a contrivance for recording transits by electi*o-magnetism, which had been used for some 
time at the Cambridge Observatory, U. S. In this apparatus, the signal was made by 
interrupting the galvanic ch-cuit, the recording paper upon which the magnet acted being 
applied closely upon a cylinder, to which a uniform motion was given by a mechanism 
devised at Cambridge, termed the spring governor, Mr. Airy proposes to inti'oduce the 
mode of recording transits by electro-magnetism at the Royal Observatory, where the 
necessity of transmitting time from the meridian tx'ansit clock to the altitude and azimuth 
instrument (the observations with which are made by noting the transit of the object over 
a system of horizontal and vei-tical wares) renders such a method peculiaidy desirable. It 
would seem that the Astronomer Royal contemplates applying the principle so that the 
instant of transit shall be indicated by completing the galvanic circuit, and that he purposes 
giving a uniform motion to the recording cylindrical surface by means of a centrifugal 
pendulum. 
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Tycho Brahe’s. The observations which form the basis of this catalogue 
"were made at St. Helena, during the years 1676—Y—S. The number of 
stars is 341. The epoch is 1677. Besides the circumstance of its relating 
exclusively to stars in the southern hemisphere, this catalogue is further 
^remarkable for being the first that was constructed from observations 
made by the use of telescopic sights. Although not so accurate as was 
deshable, even for the astronomy of his time, Halley did not on any 
subsequent occasion attempt its improvement. It was subinitted, however, 
to a careful revisal by Abraham Sharp, and was inserted in its amended 
form in the third volume of the JSistorict Oelestis of Flamsteed. 

The catalogue of Hevelius appeared in a posthumous work published in 
1690^'. It contained 1564 stars. The epoch is 1660. In consequence 
of the pertinacity with which its author adhered to the.^ use of simple 
pinnules in making observations of the celestial bodies, this catalogue has 
not been attended with so much advantage to astronomical science as 
might have been expected from the labour bestowed upon its construction. 

All the above-mentioned catalogues, after being subjected to a careful 
revisal by the late Mr. Badly, were then reprinted; and, in their improved 
state, they now form the thirteenth volume of the “Memoirs of the 
Astronomical Society.” 

It has been already mentioned that Flamsteed’s “ British Catalogue” 
was published in 17525, in the third volume of the “ Historia GeJestis."'^ 
Mr. Baily executed a scrupulous revisal of this catalogue also, adding to 
it several hundred stars, which he extracted from Flamsteed’s original 
observations. In this form it wa's republished by him in 1835, at the end 
of Ms “Account of the Fife and Correspondence of Flamsteed,” a work 
to which we have repeatedly had occasion to allude. 

No catalogue of stars was constructed from Bradley’s observations 
during the lifetime of that great astronomer. In the Nautical Almanac 
for 1773, there finally appeared a catalogue of 389 principal stars, ex¬ 
tracted by Mason from the records of the observations made hy him at 
Greenwich. This catalogue was subsequently inserted hy Dr. Hornsby in 
the first volume of Bradley’s Observations, which was published at Oxford 
in 1798. Allusion has been made to Bessel’s Niindamenta Astronomies, 
which he published in ISIS, containing a catalogue of stars constructed 
from the totality of the observations made by Bradley between the 
years 1750 and 1762. The number of stars in this catalogue is 3112- 
The epoch is January 1, 1750. 

The illustrious Facaille is the author of three catalogues of stars. 
The first of these was published in 1757, in his Fiindaynenta Astronomies. 
It contains the places of 398 stars. The epoch is January 1, 1750. The 
place of the equinox was determined by Flamsteed’s method, from obser¬ 
vations of a. Lyres and Sirius, in connexion with corresponding observa¬ 
tions of the sun. This may be considered as the first catalogue which, in 
point of accuracy, can bear a comparison with those of modern construc¬ 
tion. In consequence of its having become exceedingly rare, the late 
Francis Baily undertook a careful revisal of it, and procured its insertion 
in the fifth volume of the “ Memoirs of the Astronomical Society.” 

The second catalogue of Facaille’s is founded on observations of 
southern stars made by him during his residence at the Cape of Good 
Hope. Of these observations, comprehending the places of nearly ten 

'■* Prodromus Astronomise, Gedan, 1G90. 
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thousand stars, a partial catalogue only was formed by the author, con¬ 
taining the reduced places of 1949' stars*. The remaining mass con¬ 
tinued in their original condition, until at length, in 1838, the British 
Association, at the suggestion of Mr. Baily, undertook the reduction of 
the whole of the observations according to a uniform system. The cora- 
putatious were executed under the superintendence of the late Professor 
Henderson, of Edinburgh. The number of stars is 976G. The epoch is 
January 1, 1750. The catalogue was printed in 1845, at the expense of 
the Government. 

Eacaille’s third catalogue is one of 515 zodiacal stars, which was pub¬ 
lished in 1763 as a posthumous work. He contem23lated that this 
catalogue should contain the places of 800* stars; but he was 2 '>revented 
by death from realising his design. The observations upon which it is 
based w^ere reduced, shortly after his death, by his personal friend Baily; 
who does not seem, however, to have executed his task with the scru 2 )ulous 
regard to accuracy which a work of so much importance demanded. The 
epoch of this catalogue is the year 1765. 

Mayer is the author of a catalogue of 998 zodiacal stars, which appeared 
in a volume of 2 >osthumous works, published at Gottingen, in 1775. 
Through the influence of Prancis Bail}'-, the original observations were 
brought from Gottingen to this country, and were published in 1896 at 
the expense of the Board of Longitude. The same individual having 
carefully revised the catalogue, hy collating it with the original observa¬ 
tions, procured its insertion in the fourth volume of the “ Memoirs of 
the Astronomical Society.” 

Maskelyne’s fundamental catalogue of 36 stars, published by him, 
originally in the (j-reemcich Observations, was by far the most accurate 
production of the kind that had been hitherto given to the world. This 
small collection long continued to be an indis 2 iensable guide to the 
practical astronomer. 

Observations of circumpolar stars 2 )resent a peculiar interest, on account 
of their utility in researches on refraction and various other subjects of 
astronomical science. In 1800 the Rev. Francis Wollaston 2 >ublished a 
small catalogue of such stars in a work entitled “ Fasciculus Astronomicus.” 

Towards the close of the last century, a vast number of observations of 
stars were made at the Kcole 'Militaire of Paris, by D’Agelet and Michael 
Lefran 9 ais Lalande, nephew of the celebrated astronomer of that name. 
The observations were made in zones. It was contem 2 olated in this 
manner to determine the positions of all the stars in the northern 
hemisphere down to the ninth magnitude. They were published in 
1801, in a volume entitled “ Histoire Celeste Fran 9 aise,” but they were 
unreduced, and therefore they were, in 2 ^oiiit of fact, inaccessible to the 
astronomer. Partial reductions of these observations were shortly after¬ 
wards made; but the great mass remained for many years in their 
original condition. In 1895, Schumacher published tables for facilitating 
the reduction of the stars contained in the Histoire Celeste, computed 
according to a plan suggested hy Bessel. In 1837, the British Associa¬ 
tion agreed to defray the expense of the reduction of all the observations, 
at the suggestion of Francis Baily, who undertook the superintendence of 
the whole operation- The Government, as in the case of Lacaille’s 
observations of southern stars, agreed to defray the expense of printing. 

* All the observations, including the partial catalogue, were published after Lacaille’s 
death, in a work entitled Ccelum A.ustrale StelUjerum 4to., Paris, 1763. 
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This great catalogue contains the places of 47,390 stars, reduced to the 
beginning of the year .1800. Although the results are not distinguished 
by a high degree of accuracy, they have proved eminently useful as points 
of reference in extra-meridional observations, and have served to throw 
light upon several interesting points of astronomical science. 

In 1803 Piazzi published, at Palermo, his first catalogue of 6748 stars. 
The fundamental points used in its construction were the thirty-six stars of 
Maskelyne’s catalogue. As some doubt seemed to rest upon the accuracy 
of the right ascensions of these stars, the illustrious Italian resolved to 
establish his results solely upon his own observations, and, in accordance 
with this view, he formed a preliminary standard catalogue of ISO prin¬ 
cipal stars, which he published in 1807. These formed the basis of his 
more extensive catalogue of 7646 stars, which appeared in 1814This 
great work is justly considered to be one of the most important that has 
ever been executed bj’- a single individual. Every star was observed 
several times, and a mean of all the results taken as the final place of 
the star f. Moreover, the table of refractions employed by Piazzi in re¬ 
ducing the stars to their mean places, was deduced by him exclusively 
from his own observations. The epoch of the catalogue is the beginning 
of the year 1800. From the circumstance of its being at once so ex¬ 
tensive, so accurate, and so independent in its construction, this catalogue 
has formed the groundwork of much valuable research to the theorist, 
while at the same time it has proved an inestimable boon to the practical 
astronomer 1: 

In 1806 De Zach published a catalogue containing the places of 1830 
zodiacal stars, founded on observations made by him at the observatory of 
Seeberg in Saxe Gotha. 

* “ Prfficipuarum Stellarum Inerrantium Positiones Medise, ineunte seculo xix*'. 
Quarto, Panormi, 1S14. The observations employed in the formation of this catalogue 
were made by Piazzi, at the Observatory of Palermo, between the years 1792 and 1813, 
with the famous altitude and azimuth instrument constructed for him by Ramsden. 

+ According to Captain Smyth, each star was observed from five or six to ten or 
tTventy, or even occasionally to a greater number of times. The same author states that 
the whole number of observations amounted to nearly 150,000. ( C?jc/e of Celestial 

Objects, vol. i., p. 433.) 

t Joseph Piazzi was bom on the 16th of July, 1746, at Ponte in the Valteline, a dis¬ 
trict of ISTorthern Italy, xvhich then formed part of the Helvetic Confederation. In early 
life, he became a member of the monastic order of Theatines. As soon as he had 
qualified liimself for holy orders, he was appointed to teach philosophy in a convent of 
Genoa,_ but haying incurred the displeasure of the theological party by too free an 
expression of his opinions, he shortly afterwards resigned his situation. Having now de¬ 
voted his attention more especially to the exact sciences, towards w’hich he always evinced 
a strong inclination, he was appointed Professor of Mathematics at Malta, and subse¬ 
quently at Rome. In 1780, he was appointed Professor of Mathematics in the Academy 
of Palermo. Shortly afterwards Ferdinand IV., King of Naples, having founded an 
observatory at that city, Piazzi was appointed director of the establishment. Having 

ed France and blupland, in order to extend his knowledge of practical astronomy, he 
returned to Palermo, bringing with him a collection of astoonomical instruments from the 
latter country, and commenced his labours at the new observatory in 1792. Pie now 
proceeded to carry into effect his resolution of executing a great catalogue of stars, an 
undertaking which may be said to have formed the principal object of his life. Captain 
Smyth, who w^ a personal friend of the celebrated astronomer, referring to this great 
work, says of its author : —“ I cannot forget his emphatic expression on putting a final 
correction to the last proof sheet in 1814. ‘ Now' said he, ‘ my astronomical day 

zs Celestial Objects, vol. i., p. 433.) Piazzi died on the 22nd of 

^ly, Hy his will he bequeathed his library and instruments to the Observatory of 

Pa,iermo, and an annuity to he employed in educating young men who showed an incli¬ 
nation tow’ards astronomical pursuits. 



HISTOBY OB BHYSIOAB ASTBONOMY. 


511 


A remai'kable instance of devotion to this department of astronomical 
science is exhibited in the case of Stephen Oroombridge. In 1806, this 
individual commenced observations ^ of all the stars, down, to the eighth 
magnitude, situate within 50° of the North pole, and finally completed 
liis task in the j^ear 1816. These observations were made with a transit 
circle constructed by Troughton. During the period included between 
the years 1816 and 1827, he was engaged in reducing his observations, 
but, before he succeeded in bringing his labours to a close, he was com¬ 
pelled by the weak state of his health to desist from his undertaking. The 
task of completing the reductions was executed at the expense of the Govern¬ 
ment, under the superintendence of Mr. Airy, and a catalogue embodying 
the results was finally published in 1838. It exhibits the mean places 
of 4243 circumpolar stai's reduced to the year 1810. This is universally 
admitted to be one of the most valuable contributions to practical astro¬ 
nomy made during the nineteenth century. 

The astronomical career of the illustrious Bessel was distinguished by 
a remarkable series of sidereal observations. In 1821 he commenced 
observations of all the stars, down to the ninth magnitude, comprehended 
between the parallels of 15° south declination and 45° north declination. 
These observations were made in zones with a meridian circle by Beichen- 
hach, the right ascension and declination of each star being determined 
at a single observation. This great undertaking was comjDleted in 1833. 
The number of observations amounted to about 75,000. By means of 
subsidiary tables appended to them, it was easy to perforin their reduction 
in any particular instance ; but still it was desirable that they should be 
exhibited in a completely reduced form. Tliis task, was executed by 
Professor Weisse, of Cracow, for all the stars situate within the region 
extending 15° on each side of the equator, and a catalogue of the results 
was published in 1846, at the expense of the Academy of Sciences of St. 
Petei’sburg. The number of stars in this valuable catalogue is 31,895, 
reduced to the year 1825. The preface to it is written by M. Struve. 
Professor Weisse is at present engaged in completing the reduction of 
the remaining zones of Bessel’s observations- Argelander has followed 
up Bessel’s undertaking by a similar observation in zones of all the stars 
included between 45° and 80° of north decimation. These observations 
were commenced in 1841, and were finished in 1844. The number of 
stars is about 22,000, arranged in 204 zones. Tables are appended to 
facilitate their reduction. 

It ought to be mentioned that, previous to the publication of Weisse’s 
catalogue, a similar catalogue of stars, although less extensive, had been 
published by Sig, Santini, of Padua, founded upon his own observations. 
The number of stars in this catalogue is 1677, comprehended between the 
equator and 10° of north declination. The observations were made during 
the years 1838—39—40. The epoch is Januaiy 1, 1840. The object of 
this catalogue was to establish a series of reference points wdiich might 
be useful in extra-meridional observations of new planets or comets. Por 
this purpose the catalogue was so planned that, on each parallel of decli¬ 
nation, some well-determined star should be found at every eight or ten 
minutes of time. The catalogue is inserted in the twelfth volume of the 
“ Memoirs of the Astronomical Society.” 

In 1827 the Astronomical Society of London rendered an important 
service to practical astronomy, by the publication of a general catalogue 
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of stars, fou.iided upon tlis most celobrated catalogues tliat liave been 
executed since the middle of tbe eighteenth centuiy. This catalogue con¬ 
tains the places of 2881 stars, reduced upon a uniform system to the 1st 
of January, 1830. In addition to the mean place of each star, the con¬ 
stants for computing its appai'ent place, according to Bessel’s method, are 
also inserted in the catalogue. The introductory explanation^ is by 
Francis Baily, to whom was assigned the important task, of selecting the 
most trustworthy values of the uranographical corrections. The calcula¬ 
tions were executed under the superintendence of Lieut. Stratford. 

Hitherto the star's in the southern hemisphere had been almost entirely 
neglected by astronomers since the time of Lacaille. With the view of 
remedying this defect, the Government, in 1820, established an observatory 
at the" Cape of Good Hope, appointing the Rev. F. Fallows to be its 
director. In the FhilosoiDhical Transactions for 1824 there is inserted 
a small catalogue by that astronomer, containing the mean places of nearU’- 
all the principal stars between the zenith of the Cape of Good Hope 
and the South Pole. 

When Sir Thomas Brisbane was appointed Governor of Hew South 
Wales in 1821, he erected an observatory atParamatta, winch he furnished 
with excellent instruments. In the same noble spirit of disinterested 
liberality, he employed, at his* own expense, two qualified assistants, 
Messrs. Rurnker and Bnnlop, to aid him in his, astronomical labours. 
In 1832 hi. Riimker published, at Hamburg, a small catalogue of 
stars observed in the southern hemisphere, designed as preliminary 
to one of greater extent. In 1835 Sir Thomas Brisbane published 
a catalogue of 7385 stars, chiefly in the southern hemisphere, founded 
also upon observations made at his establishment at Paramatta. M. 
Riimker is a.t present engaged in constructing from the same collection 
of observations a catalogue of 12,000 stars. 

In 1830 an observatory was erected at St. Helena, and Lieut. John¬ 
son, a talented ofidcer who happened to be on duty on the island, was 
appointed its director. Two years only elax^sed, when a stock of obser¬ 
vations was amassed, which served for the formation of an admirable 
catalogue of 005 principal stars in the southern hemisphere. This cata¬ 
logue was published in 1835, at the expense of the Fast India Com¬ 
pany. 

lia IS-II Taylor’s catalogue of 11,016 stars, founded on observations 
made at Madras during the years 1 822-43, was p)nblished at the exi:)ense 
of the East India Company. This catalogue includes upwards of three 
thousand stars situate in the southern hemisphere, observed vritli especial 
reference to the same stars in Sir Thomas Brisbane’s catalogue. 

In the tenth volume of the “ Memoirs of the Astronomical Society,” there 
are inserted the mean declinations of 172 principal stars in the southern 
hemisphere, reduced by the late Professor Henderson of Edinburgh, from 
his own observations at the Oap)e of Good Hope. In vol. xv. he has 
given the mean right ascensions of the same stars. While on the sub¬ 
ject of the southern stars, it may be mentioned, that the observations made 
by Fallows at the Cape of Good Hope, during the years 1829-30-31, 
have been recently reduced under the superintendence of Mr. Airy, and 
that from the results, a catalogue has been constructed, containing, the 
mean places of 425 stars, situate chiefly in the southern hemisphere. 

The only catalogues of stars distinguished by a high degree of acouracy 
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which were accessible to astronomers in the year 1830, were those of 
Bradley and Piazzi. It was desirable, however, for purposes of research, 
as well as for facilitating the practice of observation, that a new catalogue 
of egual accuracy should be constructed from recent observations. In 
1833, Pond, the Astronomer Royal, contributed towards supplying this 
desideratum by the publication of a catalogue containing the mean x)laces 
of 1J12 stars reduced to the beginning of the j^ear 1830. In 1835, 
IVI. Argelandei* published a catalogue of 560 stars founded on observations 
made by him at Abo. The epoch is the same as that of Pond’s catalogue. 
In the eleventh volume of the “ Memoirs" of the Astronomical Society,” 
there is inserted a catalogue of V26 stars, formed by Mr. Airy from observa¬ 
tion's made by him at the Obseiwatory of Cambridge during the interval 
included between the years 1838 and 1835. The exDOch in this case also 
is January 1, 1830. In the Greenwich Observations for 1843, the same 
distinguished astronomer has published a catalogue of 1439 stars, founded 
on observations made at the Royal Observatory, between the j’-ears 1836 
and 1841 inclusive. The epoch of reduction is January 1, 1840.^ 

The publication of the catalogue of the Astronomical Society, in 1837, 
suggested the desirableness of re-observing the stars whose places were 
therein given, for the purpose of throwing light upon the epuestion of their 
proper motions. In the tenth volume of the “ Memoirs of the Astrono¬ 
mical Society ” there is inserted a catalogue of the right ascensions of 1318 
stars, determined by Mr. (now Rord) "V^^rottesley at a private observ^atoiy 
which he fitted up at Blacklieath, the right ascension of each star being com¬ 
pared with the corresponding right ascension of the Astronomical Society’s 
catalogue A similar catalogue of the right ascensions of 1348 stars 
has been recently formed by Lieut. Gilliss, of the United States ISTavy. 
It may be mentioned, that one of the objects proposed by the American 
expedition to Chili, of which that excellent astronomer has been appointed 
the superintendent, is the formation of a catalogue of all the stars down 
to the eighth magnitude, situate within 60° of the South Pole. 

The great utility of the catalogue published by the Astronomical Society, 
suggested to astronomers the expediency of forming a more extensive cata¬ 
logue upon the same plan, but accompanied with some improvements in 
the details. At the meeting of the British Association which was 
held at Liverpool in 1837, it was agreed, to defray the expense of 
constructing such a catalogue. The superintendence of the operation 
was undertaken by Mr. Baily ; but that individual, whose unparalleled 
exertions in this department of astronomical science will not fail to 
excite the gratitude and admiration of all future astronomers, had not 
the satisfaction to witness its completion, having died on the 30th of Au¬ 
gust, 1844, only a few months before the catalogue was ready for pub¬ 
lication. The British Association appointed a committee consisting of 
Dr. Robinson, Lieut. Stratford, and Prof. Challis, to superintend the re¬ 
maining part of the operation, and the catalogue was finally published in 
1845. The preface is by Mr. Baily. ’ The materials of its construction are 
derived from all the trustworthy catalogues that have been executed since 
the time of Bradle}^ The number of stars is 8377. The epoch of reduc¬ 
tion is January 1, 1850. This catalogue is distinguished from the catalogue 

^ * hord Wrottesley is at present engaged in prosecuting a series of observations with a 
view to the formation of a similar catalogue, which he purposes to compare with that of 
the British Association. 
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o£ tlie Astronomical Society in two important particulars. In tlie first place, 
the secular variation of precession, both in right ascension and declination, 
is given for each star. Secondly, the proper motions of the stars are 
assigned -with as great a degree of nearness to the truth, as the existing state 
of sidereal astronomy allow'ed. This catalogue has proved of vast ser¬ 
vice to astronomers in every part of the civilised world. 

An important catalogue has recently issued from the Grreenwich Obser¬ 
vatory, founded on observations made daring the twelve years commencing 
with 1836, and ending with 1847. On account of the increasing im¬ 
portance of the subject of the proper motions of the stars, it has been, 
deemed expedient to employ two epochs in the formation of this catalogue. 
The observations made dui'ing the first six years, are reduced to the first 
of January, 1840 ; the epoch of the remaining observations is the com¬ 
mencement of 1845. The number of stars in the catalogue is 3156. 
One peculiarity of this catalogue consists in the constants of redaction 
being computed according to the modification of Bessel’s method, which 
Ur. Airy had shortly before suggested. 

Allusion has been made to Mr. Johnson’s catalogue of southern stars. 
Tbjs distinguished astronomer, who was appointed Director of the Bad- 
cliffe Observatory, Oxford, upon the death of Pi'of. Bigaud in 1838, 
has been engaged for several years in re-observing the circumpolar stars 
of Groomhridge’s catalogue. This great undertaking is now all but 
completed. The number of stars observed will exceed the number in 
Groombridge’s catalogue by about 2000. The epoch of reduction is the 
beginning of 1845. A comparison of this catalogue with Groomhridge’s 
cannot fail to lead to results of great importance. 

In addition to the catalogues of stars alluded to in the foregoing pages, 
accurate catalogues of a select number of stars have been formed at every 
observatory, both iu this country aiid on tbe Continent, where meridional 
observations form the chief object of attention. Apart from the special 
utility of these catalogues in so far as the poractice of observation is con¬ 
cerned, they have in many instances been employed in some of the most 
delicate reseai*ches of modern astronomv^'. 


CHAPTER XX. 

Earl}" Notions of the Telescope-—Invention of the Telescope in Holland.— Galileo 
constructs a Telescope. — Kepler proposes the Telescope composed of Two Convex 
Lenses-—This Instrument first applied to Astronomical Purposes by Gascoigne*— 

Telescopic Observations of Huyghens and Cassini-Reflecting Telescope proposed 

by Gregory.— Kewton executes a Heflecting Telescope.—Efforts of his Successors to 
construct these Instruoients.— Invention of the Achromatic Telescope by Dollond.— 
Reflecting Telescopes executed by Herschel.— Modern Improvements in the Re¬ 
fracting Telescope. — ImproveiiTents in the Construction of Reflecting Telescopes._ 

Lassell-Lord Rosse. 

telescope is justly considered to he one of the noblest inventions 
the annals of human ingenuity can boast of. By its means the 

^ It may be stated in illustration of this remark, that a small catalogue of stars which 
Bessel constructed from his own observations at Konigsberg, was employed by him in 
combination with the observations of Bradley and Piazzi, in his celebrated investigation 
oi tbe quantity and laws oi Precession. Again, M. Otto Struve has availed himself of a 
small catalogue of stars founded on observations maSe at Dorpat, in his recent researches 
on the same subject, in connexion with the great problem of the Motion of the Solar 
System in space. 
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distant regions of space have been miveiled, aind views of the material 
universe have been obtained, surpassing in sjjlendour the most dazzling 
pictures of the imagination. Its penetrating power has revealed to us 
the astonishing fact, that far beyond the visible confines of the starry fir¬ 
mament, there exist countless myriads of suns and systems of suns, each 
of these glorious luminaries being in all probability the centre of a 
numerous cortege of revolving w’orlds. Nor bas its influence been less 
apparent in conducting the mind to juster ideas respecting the system of 
which onr own planet forms a part. The sun, which the ancient philo¬ 
sophers supposed to he merely a resplendent orb composed of a pure and 
immaculate substance, exhibits, when viewed with the telescope, unequi¬ 
vocal traces of a complex organization, accompanied with continual fluc¬ 
tuations in its physical condition, suggesting the sublime idea of its being 
the abode of innumerable objects of creative wisdom and beneficence. 
The planets, whose structure seemed to be equally mysterious with their 
movements, have been transformed from so many insignificant specks of 
light to an assemblage of magnificent worlds, presenting numerous points 
of analogy to the earth, and affording thereby irrefragable evidence in 
favour of the Pythagorean system of the universe. Even the loftier 
researches of physical astronomy are, to a great extent, dependent on the 
revelations of the telescope. Many of the beautiful conclusions that 
have been deduced from the theory of gravitation would fail to excite any 
interest in the mind of the enquirer, and the geometer would be deprived 
of some of his noblest triumphs, if the telescope were not available to 
trace their real counterpart in the heavens. 

The deep interest associated with the revelations of the telescope has 
called forth a variety of speculations respecting the probable epoch to 
which its origin may be referred. Some ]3ei'sons have pretended to dis¬ 
cover in the writings of the ancient philosophers, indubitable proof that 
the telescope is not a modern'invention. Thus it has been asserted that. 
Democritus, who announced that the Milky Way is composed of a vast 
multitude of stars, could only have been led to form such an opinion by 
an actual examination of the heavens with the telescope. We are not 
warranted, however, in drawing so important a conclusion from a casual 
remark, however sagacious, any more than we should be justified in 
inferring that Seneca was in possession of the discoveries of Newton, 
because he predicted that comets would one day be found to revolve in 
periodic orbits. The same consideration applies to various other pas¬ 
sages cited from the Greek and Datin writers, upon the strength of 
which attempts have been made to assign a high antiquity to the 
telescope. 

When, 'we come down to modern times, we find the invention of the 
telescope claimed for a still greater number of persons who flourished 
anterior to the, epoch to which its origin is usually referred. Among 
these there is no individual who appears to have made so near an approach 
to the invention as our celebrated countryman, Ptoger Bacon. In the 
following passage, extracted from his Majus, he describes the phe¬ 

nomena depending on the refraction of light by lenses with so much 
truth, that we should almost feel justified iii ascribing to him some share 
in the invention both of the telescope and microscope. “ Greater things than 
these may be performed by refracted vision. For it is easy to understand by 
the canons above mentioned that the greatest things may appear exceeding 
small, and the contrary. For we can give such figures to transparent 

L I. 2 
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bodies, and dispose tbem. in such, order with respect to the eve and the 
objects, that the rays shall be refracted and bent towards anyplace we 
please; so that we shall see the object near at hand, or at a distance 
under any angle we please. And thus from an incredible distance we 
may read the smallest letters, and may number the smallest particles of 
dust and sand, by reason of the greatness of the angle under which we 
may see them ; and on the contrary, we may not be able to see the 
greatest bodies close to us, by reason of the smallness of the angle under 
which they may appear ; for distance does not affect this kind of vision, 
except by accident, but the magnitude of the angle does so. ^ And thus a 
boy may appear to be a giant, and a man as big as a mountain, for as 
much as we may see the man under as great an angle as the mountain, and 
as near as we please; and thus a small army may appear a very great one, 
and though very far off, yet very near to ug, and the contrary. Tims also, 
the sun, moon,.and stars may be made to descend hither in appearance, 
and to be visible over the heads of our enemies, and many things of the like 
sort, which personsunacq^nainted with such things would refuse to believe.”*^ 
The following passage, extracted from the preface, written by Thomas 
Digges, to the second edition of the JPantometria of Ins father, Leonard 
X)igges, would also seem to imply that telescopes were not unknown in Eng¬ 
land previous to the seventeenth century ;—“ My father, by his continuell 
painfull practices, assisted by demonstrations mathematical, was able, and 
sundrie times hath, by proportional glasses, duly situate in convenient 
angles, not only discovered things farre off, read letters, numbered pieces 
of money, with the ver^’ coyne and superscription thereof, cast by some of 
his freends of purpose upon downs in the open fields, but also seven miles 
off declared what hath been doone in private places.” Some remarkable 
passages to the same effect are to be found in Dee's preface to the edition 
of Euclid, published by him in 15T0. 

There are also two Italian philosophers who deserve to be mentioned 
in connection with the invention of the telescope. Battista Porta, in his 
3fagia, Katiiralis, originally published in 1561, remarks that hy combining 
together convex and concave lenses, objects may be seen enlarged. He 
then proceeds to describe an instrument capable of being constructed upon 
this principle, but his language is so utterly obscure as to defy interpre¬ 
tation. Again, Antonio de Dominis, Ai*chbishop of Spalatro, in a post¬ 
humous Avork entitled JDe Radiis Yisus Sc., which was published in 
1011, traces very clearly the progress of rays in passing through convex 
and concave lenses, and remarks that hy placing one of each kind at a 
certain distance apart, the direct and refracted rays will not interfere with 
each other. He adds that the proper distance between the two lenses 
must be found by experiment, and that the effect of their adjustment will 
he to magnify objects hy increasing the angle under which they are seen. 
It is to be borne in mind, that this work Avas published at a time when 
the invention of the telescope was already notorious throughout Europe. 
Bartolo, the editor of the Avork, states, however, in the. preface, that the 
manuscripts 'communicated to him by the author had been written twenty 
years previously, and that he received full authority from him to publish 
them voith the addition, of one or two chapters. 

notwithstanding the plausible statements contained in the various 
passages above cited, there does not exist clear proof that the specula- 

• Opus Majus, Pars Tertia, caput iv., p. 357. bond., 1733. 
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tiolis oi QiELy of tii© iii(3ivi<3.ii£ils ftlludlcd to, coiiducodL to^ piacticEil icsolts, 
End. tlierofoF© wo cEnnot b© justifiod in. Ewardiiig to eitlioi of tli©ni tbo 

honour associated witli the invention of the telescope. ^ 

It has long been generally admitted that telescopes w^ere first made in 
Holland, about the beginning of the seventeenth century ; but the q.uestion 
with respect to the real author of the invention has, until veiy leceiitly, 
heen involved in much obscurity. Three persons have been generally 
mentioned as possessing distinct claims to this much-contested honour. 
These are, Henry Lipperhey and Zacharias Jansen, spectacle makers in 
the town'of Hiddlebuig, and James Metius of Alkmaer, a son of the 
inatheinatician of that name, celebrated for having been the^first vs ho 
expressed the relation between the diameter and the circumference of 

a circle by the numbers 113 and 3^55. 

Descartes, in his treatise on Dioptrics, published in the year 1537, 
tlius alludes to tlia origin of tlie telescope: “ It is now' anout thirty 
years since a person named James IMetius, who never studied at all, 
although his father and brother were both professors^ of mathematics, but 
who took pleasure in constructing mirrors and burning glasses, of which 
he had many of various forms in his possession, thought of looking 
throush two lenses, one convex and the other concave. These haj^pened 
on one occasion to he situated at the proper distance for magnifying 
olyscts, whcrsiipoti lie upplicd tlicni to tii6 cuds of u tube, £txid. in tuis 

manner he constructed the fi.rst telescope. ^ ^ j? j.i 

Schyrl^us de Dheita, the Capucin friar, gives another account ot the 
invention, in a work published a few years later He states that 
telescopes’ were jdrst made by Lipperhey, whom he calls Lippensum, and • 
he refers the date of the invention to the year 1609. Lipperhey, hap¬ 
pening to place a concave before a convex glass, discovered by accident 
that the weathercock of a neighbouring church and other objects appeared 
nearer and larger. Having fitted the glasses in a tube, he placed the 
instrument in his shop, and amused his customers by showing them the 
mao-uified image of the weathercock. The Marquis of &p mol a, who was 
then at the Hague, bought the instrument, and presented it to the Arch¬ 
duke Albert of Austria, by whom the great utility of the invention was 
first made known to the world. 

During the early part of the seventeenth century numerous con¬ 
flicting accounts circulated throughout Europe relathe to the origin of 
the invention, which was in all cases alleged to he due to accident. It 
is sincrular that so much uncertainty should have prevailed respectog an 
even^of so recent a date. In 1655, Pierre Bovel, physician to the French 
king, published a woi'k at the Hague f, professing to contain authentic 
particulars relative to this much-disputed question. He had taken con¬ 
siderable Tjains to collect all the evidence which might throw any nght 
Upon the matter, and lie was warmly seconded in tins object by vVilliairL 
Boreel, the Dutch envoy at the Court of France. He searched out five 
individuals who were personally acquainted with the reputed inventors of 
the telescope, and induced them to make public declarations on tbe sub- 
lect of tbe invention before tbe magistrates of Middlebnrg. Tbe woik 
above referred to contains the details of the examination of those persons, 
together with a letter of William Boreel’s relative to the same subject. Two 
of the witnesses deposed, in favour of Jansen, but they differ in the dates they 

* Oculus Enoch et Elisa, Antverpise, 1645. 

De vero Telescopii Inventors, Hag., dto, 1655. 
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assign to the invention, one of them, his son, fixing it in the year 1590 ; 
■while the other witness, his sister, brings it down to 1611 or 1619. The 
other three witnesses declared that Lipperhey was the original inventor, 
one of them asserting that he made telescopes before the year 1605, while 
the other two fix the invention in the year 1609 or 1610. The deposi¬ 
tions of these persons are so imperfect and contradictory, that little or no 
reliance can be placed on them. 

The testimony of Boreel is more deserving of attention. He men¬ 
tions, in his letter, that he hnew Zacharias Jansen personally, and had 
often heard that he and his father were the real inventors of the micro¬ 
scope. When he was in England, in the year 1 619, he saw in the hands 
of Cornelius Drebbel, his friend, the very microscope -which had been 
given by them to the Arcbduhe Albert of Austria. Boreel then con¬ 
tinues;—“ But long after, in 1610, after much research, these individuals 
invented, in Middleburg, the long sidereal telescope with which we gaze 
at the moon and planets, and presented one of them to Prince Maurice, 
who deemed it prudent to conceal the invention in order to mahe use of 
it in military operations- While mmours were abroad regarding the 
invention, a strairger came to Middleburg, and having asked for a 
. spectacle maker, was shown by mistake into Lipperhey’s sbop. Prom the 
q^uestions put by the stranger, Xiipperhey, being a shrewd man, was 
enabled to detect the construction of the instrument, and having suc¬ 
ceeded by this means in making telescopes, he was generally considered 
the real inventor of them. However, the mistake was soon discovered, 
for Hrebbel, upon his return to Holland, proceeded with Adrian Metius 
to Jansen’s shop, and purchased telescopes of him.” 

It follows, then, from Boreel’s letter, tbat Jansen invented, first tbe 
microscope, and, after the lapse of several years, the telescope. This 
account tends in some degree to reconcile the conflicting statements of 
the two -witnesses who deposed in favour of that individual : but indeed 
the whole evidence contained in Boreel’s book is of so meagre and un¬ 
satisfactory a character, as to leave the question relative to the actual 
inventor of the telescope, still open to dispute. 

In the fi.rst volume of the “Journal of the Boyal Institution,” published 
in 1831, there appeared an interesting communication from Hr. Moll, of 
Utrecht, relating to the iuveiitiou of the telescope. The materials of this 
paper are due to the researches of Tan Swiiiden, who had, succeeded in 
discovering some authentic records, which serve to I'emove much of the 
obscurity that has hitherto prevailed respecting the real author of the 
invention. 

In the library of the University of Leyden there exists, among the 
manuscripts of Huygbens, an original copy of a petition sent to the 
States G-eneral by Jgicob Andrianzoon, tbe person whom Descartes calls 
James Metius. This petition is dated October 17, 1008. The object of 
it is to obtain the exclusive right of selling an instrument he had in¬ 
vented, by means of which distant bodies appeared larger and more 
distinct. He declares that the idea of the instrument occurred to him 
accideirtally, while he was engaged in making other experiments ; that he 
afterwaixls bestowed much attention on the subject, and had succeeded so 
in bringing the invention to maturity, as to make objects appear as 
visible and distinct by his instrument, as could be done with the one ivhich 
had heen lately ojfered to the States by a citizen and spectacle malcey' of ISilid- 
djebiirg. Metius -yvas exhorted to bring his instrument to greater perfec¬ 
tion, when bis pjctitioti for a privilege would be taken into consideration. 
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Among the Aets of the States General preserved in the Government 
Archives at the H[ague, Van Swinden found some interesting doeuments 
relative to the speetacle maker of Aliddleburg, alluded to in the petition 
of Metius. On the 2nd of October, 1608, the Assembly of the States 
took into consideration the petition of John Xipperhey, spectacle maker, 
a native of Wesel, and an inhabitant of Middleburg, inventor of an in¬ 
strument for seeing at a distance. A committee was appointed to confer 
with Xipperhey, for the purpose of ascertaining ■whether it might not be 
possible to improve the instrument so as to enable one to look through it 
xnth both eyes. On the 4th of the same month it was resolved that certain 
of the members should teat the instrument of Xipperhey, by observing 
with it from the turret of Prince Maurice’s mansion. It was farther 
resolved, that if the perspective should be found useful, an engagement 
should be entered into with the inventor, to execute three such instruments 
of rock crystal, and that lfe should be enjoined not to divulge the invention 
to anybody. On the 6th of the same month, the Assembly agreed to give 
Xipperhey 900 florins for such an instrument. On the 15th of December 
they examined the instrument invented by Xipperhey to see with both 
eyes, and approved of it; but as many others had a knowledge of this 
new invention to see at a distance, they did not deem it expedient to 
grant him an exclusive privilege to execute such instruments. How¬ 
ever, they gave him orders to execute, for the use of the Government, 
two other instruments to see with both eyes, allowing him the same 
remuneration for his services as in the first instance. 

The evidence afforded by the documents found among the manuscripts 
of Huygliens, restores to James Metius his light to the invention of the 
telescope, •which had not been taken notice of in Borel’s book, and was 
probably allowed, in conseq^uence, to fall into oblivion. It would seem 
also, from the same document, that the telescopes of Metius could bear a 
comparison in point of efficiency -with those constructed about the same 
time by another individual. However, as this statement rests entirely 
upon, his own authority, and as he does not appear to have given the 
benefit of his invention to the world, we cannot consider his labours to be 
entitled to much consideration. The other documents prove that Xip¬ 
perhey was in possession of the invention as early as October, 1608, 
and therefore that he could not have been indebted for his views on the 
subject to Jansen, who, according to William Doreel’s letter, succeeded 
in constructing telescopes only in the year 1610. No mention of Jansen 
could be found in any of the State Piecords, and as his right to the 
original invention of the telescope is set aside by the authentic documents 
in favour of Xipperhey, there only remains to be claimed for him the 
invention of the microscojoe, upon the evidence set forth in Borel’s book. 
We may conclude, then, that Xipperhey was the person who originally 
executed telescopes, and also that he was the first who made them known 
to the world; and, therefore, upon these grounds he possesses a just 
claim to the honour associated with the invention. 

It is quite clear that Xipperhey must have been no common artizan, from 
Ms adapting his invention so readily to the views of the Assembly of the 
States General. The -worthy individuals composing that Assembly were 
by no means satisfied ■with an instrument that was destined to penetrate 
into the immensity of space, and reveal the existence of unnumbered 
■worlds, unless it was so executed as to enable them to see through it with 
both eyes. We have seen that a telescope of this construction was 
actually supplied to them by Xipperhey, and that upon its being sub- 
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mitted to trial, it "was cordially approved of l)y the Committee of tlieir 
Highnesses. It appears, then, that this ingenious individual was the first 
Ijerson who executed the binoculus, an instrument the invention of which 
has been usually asci'ibed to Dellheita. Lipperhey doubtless fell upon 
the construction of the telescope by combining together lenses in various 
ways, as we may easily conceive that an optician might he induced to do. 
Attempts have been made to depreciate the merit of the Dutch inventor, 
on the ground that his discovery was made by chance. There exists, 
indeed, no reason to sujppose that he was acquainted with the principles, 
whether mathematical or physical, upon which the construction of the 
telescope depends, or that he was indebted to a ’knowledge of those 
ciples for the admirable result at which he arrived; but how few original 
discoveries or inventions, either in the arts or sciences, have been achieved 
by the aid of purely theoretical considerations; and, on the contrary, 
how many have been suggested to their authotk by circumstances appa^ 
rently unconnected with the object of their researches, and, therefore, to 
a certain extent, fortuitons! But, in fact, this circumstance of accidental 
discovery is no other than the result of that sagacious observation which 
distinguishes one man from a multitude of others, and enables hini to 
select from the multitude of objects that claim his attention such relations 
as possess a character of generality that renders them subservient in 
extending the conquests of the human mind over the material world. 
Theory serves to develops principles that have been already established by 
induction, and in this manner acts the part of a valuable guide to the 
discovery of derivative truths ; but in attempting to penetrate the secrets 
of nature, or in devising new combinations of principles with a view to 
the attainment of any specific end, the mind must rely mainly on its o\yn 
innate sagacity. 

Galileo has related the cii'cumstances under which he first became 
acquainted with the invention of the telescope, and has also given an account 
of his early efforts to construct one of these instruments. Happening to 
be in Venice in the month of May, 1609"’^, he learned in that city that a 
Belgian had invented a perspective instrument, by means of which dis¬ 
tant objects appeared nearer and larger. This report, w’-hich was soon 
confirmed by a letter he received from Paris, excited an intense interest 
in his mind, and upon his return to Padua he began to pouder upon the 
probable mode bj' which such an etiect could be produced. He dis 
covered, upon the very night of his arrival, that the enlargement of the 
object depended upon the doctrine of refraction, and on the following day 
he made his first attempt to execute an instrument upon this principle. 
Having procured a leaden tube, he fitted in one of its extremities a plano¬ 
convex lens, and iu the other a plano-concave one, and, having applied his 
eye to the concave lens, he was delighted to perceive objects pretty much 
magnified. They appeared to he three times nearer and nine times 
larger. He immediately gave intimation of his success to his friends in 
Veioice, with whom he had been conversing on the subject the previous 
day. Having succeeded a few days afterwards in making a better in¬ 
strument, he jo 3 fally proceeded to Venice, taking it with him. The 
perspective of the Paduan philosopher soon became an object of universal 
admiration in Venice. In order to afford the senators of the republic a 
practical proof of its efficiency, Galileo accompanied them to the more 

* This is inferred from the expression “ mensibus abhinc decern fere,” used by him 
m the Sidereus I^uncius, the dedication of which is dated March, 1610. 
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elevated parts of the eity, v^hence, by looking throughi it, tkey surveyed 
the various objeets of the surrounding landscape Avith inexpressible sur¬ 
prise and delight. During the whole period of his residence at Venice, 
which extended to a month, he was besieged from morning to night by 
crowds of the inhabitants, all eager to have a peep through the won¬ 
derful ^ass. He had not yet divulged the secret of his invention, but, 
with his wonted liberality, he now communicated it to the public, and, at 
the suggestion of one of his friends, he presented the instrument itself 
to the Doge Xeonardi Deodati, who accepted it from him, sitting in full 
council. He accompanied it with a paper, in which he gave an explana¬ 
tion of its construction, and of the important purposes to which it might 
be applied both on land and at sea. The Senate indicated their appre¬ 
ciation of this novel compliment which Galileo paid to the chief ma^s- 
trate, bj increasing his salary as lecturer in the University of Padua to lOOO 
florins, and appointing him to his office for life. 

Galileo’s object now was to construct a telescope ‘of superior magnifying 
power. This he found to be a task of very difficult accomplishment, for 
the art of grinding and polishing lenses was then in its infancy- We have 
seen that at his first trial the instrument made objects appear three times 
nearer and nine times larger ; in other words, it amplified three times in 
linear dimensions, and nine times in superficies. Soon afterwards he made 
anCPther instrument which magnified sixty times in surface; and finally, 
sparing neither application nor expense, he succeeded in executing an in¬ 
strument of such excellence as to represent objects almost 1000 times 
larger, and above 30 times nearer, tlian they appeared to be by the natural 
power of the eye*. 

He points out a simple method of determining by experiment the 
magnifying power of the instrument. “Place,” says he, “ upon a wall at a 
certain distance, t\vo disks, one of which you will observe with the 
telescope and the other with the »naked eye. If the disk seen, through 
the telescope appear equal to the external one, the magnifying power 
of the instrument is in the proportion of the two disks. If they do not 
appear equal, the external disk must be enlarged or diminished until this 
result takes place, and then the magnifying power will be, as already 
mentioned, in the proportion of the two disks.” 

Galileo’s best telescopes did not magnify more than thirty-two or thirty- 
three times. Previous to the invention of achromatic object-glasses, this 
was the highest magnifying power that was attainable with telescopes of 
the form of construction employed by him and his contemporaries. The 
triumphs of genius are signally illustrated in the multitude of beautiful 
discoveries which Galileo achieved by the aid of his little jjerspective. 
Whatever claims other individuals [may possess to the original invention 
of the telescope, the merit of applying it to the great purposes of phy¬ 
sical science must be awarded, with acclamation, to the illustrious 
philosopher of Italy. 

The telescopic discoveries of Galileo exercised such a withering 
influence upon the ancient philosophy, that many of its adherents, in the 
height of their mortification, took refuge in absolute incredulity, and, with 
absurd pertinacity, refused to assure themselves, by actual inspection, of 
the reality of the phenomena thus revealed for the first time to mortal 
eyes. “ Oh! my dear Kepler,” says Galileo, in one of his letters to that 

* Opera di Galileo, tome ii., pp. 5 et 267. 
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astrorLomer, “ how I wish that we co-aid have one hearty laugh together ! 
Here, at Padua, is the principal professor of philosophy, whom I have 
repeatedly and earnestly requested to look at the moon and planets 
through my glass, which he pertinaciously refuses to do. Why are you 
not here ? What shouts of laughter we should have at this glorious 
folly, and to hear the professor of philosophy in Pisa labouring before the 
<xrand Duke with logical arguments, as with magical incantations, to 
charm the new planets out of the sky!” 

Galileo can hardly he considered an independent inventor of the 
telescope. Admitting that he obtained no other account of the Dutch 
invention, than that a spectacle maker had succeeded in executing 
a perspective instrument by means of which distant objects appeared 
nearer, still the fact of his having received such a hint deprives Ms 
labours in a gr'eat degree of the character of originality. When once a 
problem is known to he resolvable, the difficulties which it involves may then 
be overcome with comparative ease by a strong concentration of the mental 
powers npon it. But, in justice to the original inventor, and the country 
which gave him birth, it is but right to mention, that more thau one of 
the Dutch instruments had found their way into Italy about the time 
w'hen Galileo was led to construct his first telescope. Sirturus, writing 
in 1618, makes the following statement:—“ A Prenchman proceeded to 
Milan in the month of May, 1609, and offered a telescope for sale to the 
Count di Fuentes.”'H Again, in a letter from Padua, dated ikugust 31, 
1609, Dorenzo Pignoria announces to Paolo Gualdo that Galileo had 
been appointed lecturer at Padua for life on account of a perspective, 
like the one ivhich was sent from Flanders to CartlinaZ Forghese. “We 
have seen some here,” adds the writer, “and truly they succeed welL”t 

We dismiss, as an unfounded calumny, the assertion of Fuccarius, that 
Galileo had actually seen one of the Dutch telescopes, nor can we even 
admit, in the face of his own words to- the contrary 1, that he received 
any hint relative to the peculiarity of their construction ; but the noto¬ 
riety of the invention, as confirmed by the preceding extracts, could not 
fail to have operated as a powerful incentive to his efforts. 

Some writers have been disposed to think that the Dutch telescope was 
constructed upon a different principle from Galileo’s instrument. Pro¬ 
ceeding upon the tradition of its having been originally exhibited as an 
amusing toy, by producing an inverted image of a w-eatliercock, they 
have hence inferred that it was composed of tw'o convex lenses, like the 
modem astronomical telescope. This coiiclusion, if true, would certainly 
go far to enhance Galileo’s merit, but it rests on so narrow a foundation 
as to be totally inadmissible, being suggested solely by the vague tradition 
just mentioned. On the other hand, Descartes and i>e Rheita positively 

^ Sirturus de Telescopio, Franc., 1618. 

t “ Di nuovo non abbiamo altro se non la reincidenza di S. Serenita, e ricondotti di 
Lettori, fra’ qualiil Sig. Galileo ha buseato 1000 fiorini in vita, e si dice col benefizio 
d’an occhiale simile a quello, che di Fiandra fa mandate al Card. Borghese. Se ne 
sono veduti di qua, e vei-amente fenno buona riuscita.”— (Lettere d'XJomini Illustri, 
p. 112, Venez., 1744. 

Z The following are the terms in which he alludes to the information he received 
respecting the Dutch invention, on the occasion of his visit to Venice, as mentioned in 
the text:—“ Giunsero nuove, che al Sig- Conte Maurizio era state presentato da un 
Olandese un occhiale, eol quale le cose lontane si vedevano cosi perfettamente, come 
se fassero state molto vicine, ne piii /m aggiunto.'' (Opere di Gal., Edit. Pad., 1744, 
tom. ii. p. 267.) 
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assert that the Dutch instramerit was formed hja combinatiort of a convex 
with a concave lens. The account of the invention as given by the latter 
of these two writers is the more worthy of confidence, inasmuch as he 
associates it with the story of the weathercock, but, of course, makes no 
allusion to an inverted image. Again, we find Dorenzo Pignoria writing 
to his friend, that G-alileo had received a thousand fiorins annually for 
life, on account of a perspective ZfiSre the one which had been sent from 
Planders ; but it is very obvious tbat if the Dutch tel^copes had ex¬ 
hibited objects inverted, he would have expressed himself in different 
language. 

The Dutch telescopes were, douhtless, much less powerful than those 
of G-alileo, but this is not to he wondered at, when we consider the Cfon- 
summate skill of the latter in matters relating to practical science, and 
the remarkable success which generally attended his experimental efforts. 
Still, we are by no means disposed to believe that they were such mean 
productions of art as they have been frequently represented to he. We 
have seen that the States General agreed to give 900 florins to Dipperhey 
for his instrument. The amount of remuneration tends to impress us 


with a favourahle opinion of the instrument given in exchange, for, as 
Dr. Moll justly remarks, the Dutch people cannot be charged with a 
readiness to throw away their money upon a trifling toy, which possessed 
no ether claim to recommendation Jhan its novelty- It is true that the 
inventor was prohibited from making any telescopes except those ordered 
by the States General, and the latter would naturally consider themselves 
hound, on this account, to remunerate him more liberally for his labours 
than they would otherwise feel disposed to do. This prohibition, however, 
tends to confirm our belief of the value they set upon his telescopes. 
They refused him an exclusive privilege to make arid sell them, on ^the 
alleged grounds that others were already in possession of the invention^ 
but they reasonably believed tbat the instruments of the inventor would 
be superior to any others constructed, and they accoi*dingly resolved to 
secure to themselves the monopoly of his skill. That the mvention had 
already transpired, and that a restriction, such as we have mentioned, had 
been imposed upon the inventor, is clearly proved by the following ex¬ 
tract from the correspondence of the celebrated president, Jeanmn, wao 
had been sent to Holland by his sovereign, S:enry IY.,^to_ 2 mgotiatn a 
truce between Spain and the States General. Gn the 38th of December 
1608 only a few days after the States General bad refused the object of 
Dipperhey’s petition, Jeannin thus writes to Henry's minister, the tamous 

Sullv:_The hearer of this letter is a soldier from Sedan, who belongs 

to the Prince’s company, and who is held very ingenious in many inven¬ 
tions and artifices of, war. He has also made a few days ago, an instru¬ 
ment, in imitation of that which has been made by a spectacle maker of 
Middlehurg, to see at a distance. He vdll show it to you, and make you 
some for your sight; I requested the original inventor to make me two, 
one for the king, and one for you; hut the States prolnbited him from 
S^kiSg any but for themselves. They have, however, given orders to 
^ecute some for me, that I may send them to you, which I wull not tail 
?rr as somi 2 1 receive them.”* It is quite clear, from the foregoing 
passage, that the States General contemplated making use of the mstm- 


* “ Lettres et Negociations du President 
Moll). 


de Jeannin,” fol., Paris, 1636 


(^cited by Dr. 
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ment of Xiipperlaey in military reconnaissances; and th.eir formal approval 
of it already referred to, when taken in connexion 'with this circumstance, 
implies that it possessed a considerable magnifying power. 

We have seen how quickly the Dutch telescopes passed^ into France 
and Italy. If we are to believe the German astronomer, Simon Marius, 
he commenced astronomical observations in the year 1609, with a telescope 
which he procured from Holland. Telescopes were also imported into 
England soon after their invention. The late Professor Eigaud found, by 
an inspection of the manuscripts of Harriot, the celebrated matbema- 
tician, that even as early as July, 1609, he had been making observations 
of celestial phenomena with one of these instruments. This fact tends 
very much to disprove the assertion that the telescopes originally made in 
Holland "were totally unfit for scientific purposes, for it can hardly he 
doubted that the one which Harriot used was obtained from that country. 
On the 6 th of July, 1610, Sir Christopher Hey den thus writes to 
Camden, the famous antiquarian:—“ I have read Galilseus, and, to he 
short, do concur with him in opinion, for his reasons are demonstrative ; 
and, of my own experience, 'with one of our ordinary trunhs I have told 
eleven stars in the Pleiades, 'whereas no age ever remembers above seven, 
and one of them, as 'Virgil testifieth, not al'W'ays to he seen.” ^ There 
call be no doubt that the expression—“ one of our ordinary trunks ”— 
refers to the Dutch telescopes which were in common use in England, as 
distinguished from the superior telescopes of Galileo recently imported 
from Italy. 

In a letter dated Tra’venti in Caermarthenshire, Feb. 6, 1610, Six' 
"William Lower thus 'writes to Harriot;—“ I have received the perspective 
cylinder that you promised me, and am sorrie that my man gave you not 
more warning, that I might have also the two or three more that you 
mentioned to cliuse for me. Henceforward he shall have orders to attend 
you better, and to defray the charge of this and others, fox he confesseth 
to me that he forgot to pay the workman. 

“ According as you wished, I have observ^ed the moone in all his changes. 
In the new' inanifestlie I discover the earthshine a little before the di¬ 
chotomic ; that spot ■which represents unto me the man in the moone 
(b'ut witbout a head) is first to be scene. A little after, neare the brimme of 
the gibbous parts towards the upper corner appeare luminous parts like 
starres ; much brighter than the rest; and the whole brimme along looks like 
unto the description of coasts in the Dutch books of voyages. In the full 
she appeares like a tart that my cooke made me last weeke ; here a vaine of 
l>i*ight stufie, and there of dai'ke, and so confusedlie all over. I must 
confesse I can see none of this 'without my cylinder; yet an ingenious 
youuge man that accompanies- me here often, and loves yon, and these 
studies much, sees manie of these things, even 'without the helpe of the 
instrument, but with it sees them most plainlie—I mean the young Mr. 
Protheroe.” * 

"We have deemed it proper to dwell at some length upon the early 
history of the Dutch telescopes, because those instruments have been 
thrown into unmerited oblivion by the splendour of Galileo’s discov'eries. 
We cannot reasonably avoid the conclusion, when the subject is taken 
into complete consideration, that, even although the last-mentioned philo¬ 
sopher had never lived, the Dutch telescopes would have been gradually 

* Supplement to Bradley's Miscellaneous Works, p. 27. -p Ibid., p. 42. 
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perfected in their construction, and would have been eventually a2)plied 
with success to the great purposes of physical science. The merits of 
the original inventor of the telescope cannot affect the reiDutation of 
the illustrious Italian, who owed his brilliant discoveries in celestial 
physics much less to his good fortune in executing a telescope, than to his 
sagacitj as an interpreter of nature. 

Kepler first explained the construction of the telescope formed hy a 
combination of two convex lenses, in his treatise on IDiopDtrics, which was 
published in 1611. Possessing no aptitude for observation, however, he 
did not attempt to reduce his ideas to practice. Scheiner appears to have 
been the first person who actually executed a telescope upon the p^rinciple 
suggested hy Keifier. In his JRosa Ursina, which was published in 1630, 
he states that, thirteen years previously, he made observations in the 
j)resence of the Archduke Maximilian, with a telescope composed of two 
convex lenses. The Galilean telescope, however, still continued to be pre¬ 
ferred, on account of the superior distinctness of the image which it formed. 

The first jperson who appears to have discovered the peculiar value of 
the telescope recommended by Ivepler, and who applied it to the purposes 
of astronomical observation, was Gascoigne. This highly-gifted young 
man did not fail to perceive that it possessed an immense advantage over 
the Galilean telescope, in affording a situation within the tube where any 
object being placed might be viewed as distinctly as a celestial object. 
This circumstance suggested to his inventive mind the use of telescopic 
sights in astronomical observations, and the application of the micrometer 
to the telescope. The micrometrical measures of that astronomer, i3re- 
served by Klamsteed iii the first volume of ih.e Historia Celestis^ may be 
considered as the earliest collection of facts that have been established 
by the use of the Keplerian telescope. In this respect they possess an 
interest analogous to that associated with the early discoveries of Galileo 
relative to the physical constitution of the celestial bodies. 

It was not until about the middle of the seventeenth century, that tele¬ 
scopes composed of two convex lenses came to be generally empoloyed in 
astronomical observations. The use of such telescopes, however, was 
then suggested, not on account of the advantage which Gascoigne found 
them to possess, but because they afforded a much larger field of view 
than could he obtained by means of the Galilean telescope. The first 
person who distinguished himself hy his labours in connexion with the 
Ivejfierian, or astronomical, telescope was Huyghens. This distinguished 
philosopher attained great excellence in the grinding and polishing of 
lenses, and succeeded in constructing telescopes far superior to any 
hitherto executed. In the year 1655 he discovered a satellite revolving 
round Saturn in sixteen days, hy the aid of a telescope IS feet long, 
and hy prosecuting observations of the planet with the same instrument, 
he w^as shortly afterwards enabled to establish the real nature of the 
appendage with which it is furnished. 

As the definition of objects was very imperfect in telescojpes of this 
construction, it was found to be indispensable in every instance wherein 
a high magnifying power was required, to increase the focal length of the 
object-glass to an immense extent. Kuyghens states that he and his 
brother made object-glasses of 170 and 210 feet focal length ! These 
glasses were used without tubes. Huyghens devised mechanical combi¬ 
nations of great ingenuity, by means of which they could be directed with 
facility towards any object in the visible heavens. From the circumstance 
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of their being used witbont tubes, these contrivances were termed aerial 
telescopes. Hayghens presented one having a focal length of 123 feet to 
tbe Royal Society of Loudon. This philosopher effected a capital im¬ 
provement in the construction of telescopes by the invention of an eye¬ 
piece consisting of a combination of lenses which, by their respective 
refractions, served to correct the effects of S];)herical aberration. 

While Huyghens was engaged in these labours, the art of executing 
telescopes ^yas attaining a high (degree of excellence in Italy. Eustachio 
Livini at Rome, and Campani at Bologna, more especially signalised 
themselves in this department of practical optics. It was with telescopes 
executed by the latter that Cassini made the multitude of interesting dis¬ 
coveries in the heavens which have rendered the name of that astronomer 
so deservedly celebrated. The object-glasses had, in some instances, 
focal lengths of 90, and even 130, feet. Cassini was enabled, like Huy- 
ghens, to make use of such glasses without tubes. 

Telescopes of great length were constructed in most other countries of 
Europe during the seventeenth century, especially iu France and England. 
A.uzout is said to have made a telescope of 300 feet focal length. It does 
not appear, however, that he actually employed such an instrument in 
astronomical observations. In England the construction of telescopes 
seems to have attained considerable perfection at a comparatively early- 
period. Among the instruments with which the observatory of Copenhagen 
was furnished, on the occasion of its original establishment in 165 6, was a 
telescope magnifying 100 times, which Longomontanus hrouglit with him 
from England in tbe j-ear 1642. The telescopes of Sir Paul Neile, as well 
as those of Pteeves and Cox, are said to have been eq^ual to the best tele¬ 
scopes executed at the same time in any country of Europe. It speaks 
very much in favour of the English telescopes made during the latter 
part of the seventeenth century, that with one of such instruments, of 38 
feet focal length, William Ball of Mainhead, in Devonshire, having ob¬ 
served Saturn on the 13th October, 1665, perceived that the ring around 
the planet was double This observation was made ten years before 
Cassini remarked a similar appearance on tbe ring. It appears that 
Bradley occasionally employed telescopes of great length, in the early part 
of his'career. On the 27th of December, 1722, yvhile lie was residing 
at Wanstead with Pound, his uncle, he measured the diameter of Venus 
with a telescope, or rather object-glass, of 212:j feet focal lengthf. 

Notwitlistaudiug the vast amount of labour and skill bestowed upon 
tbe construction of refracting telescopes, it was still found that the images 
formed in these instruments were by no means so well defined as was 
necessary for delicate observations. This circumstance was attributed to 
the spherical aberration of tbe lenses, but, although the indistinctness no 
doubt partly arose from that cause, it was mainly due to the influence of 
a physical principle which had not yet been discovered. When, to the 
imperfect formation of the image, the inconvenience attending the use of 
telescopes of enormous focal length was taken into account, it obviously 
became desirable to dewse a different mode of construction. In 1663, 
James Gregory published his Optica Fromota, iu which he explained the 
construction of the reflecting telescope which has since been called by his 
name. He proposed that the rays of light from a remote object should 


» Phil. Trans. 1666, p. 153. 

Bradley’s Miscellaneous Works, p. 354. 
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"be received by a concave parabolic speculum, and, after forming by re¬ 
flexion an image of tbe object at tbe focus, should hence diverge and fall 
upon a smaller concave speculum of an elliptic figure having the same 
focus as the larger one. The rays would now he reflected by the elliptic 
speculum, so as to form a second image of the object near the anterior 
surface of the larger, or parabolic, speculum ; and this image might finally 
be viewed by the observer through an eye-lens placed behind the latter 
speculum, which was to be perforated for that purpose- Gregory expected 
that, by substituting the principle of the reflexion of light for that of re¬ 
fraction, so as to get rid of the effect of spherical aberration, the image 
of the object would be rendered much more distinct. When he was in 
London, about the year 1664, he employed an optician to execute a tele¬ 
scope for him according to the above design, but the attempt to give 
a true parabolic figure to the lai'ger speculum proved a failure; and, 
although he subsequently tried to effect the same object by means of a 
spherical speculum, yet, in this instance also, the result was so unsatis¬ 
factory that he seems to have been discouraged from prosecuting the matter 
further. 

It appears that, before the publication of tbe Optica Fromota, Mer- 
senne had already suggested the idea of a reflecting telescope. This 
he did originally in a letter to Descartes written about the y'ear 1639 
and, afterwards, in his Catoptrics, which was published in 1653. Descartes 
offered several objections to Merseiine’s proposal, and no attempt was 
made to carry it into effect. It has been said, by Fontenelle, that Father 
Zucci was acq[uainted with, the reflecting telescope as early as 3 618. 
Indeed, Montucla has justly remarked, that as soon as it was known that 
the image of an object might be formed in the focus of a concave mirror, 
the idea of applying the principle of reflexion to the construction of tele¬ 
scopes (after the invention of refracting telescopes) was a very obvious 
suggestion. It is impossible to ascertain whether Gregory was indebted 
to any previous writer for the bint of the reflecting telescope, or not; but, 
at any rate, it must be allowed that he was the first person who gave a 
complete explanation of the construction of such a telescope. Moreover, 
he has the merit of having suggested a form of the instrument which has 
been in use ever since, and which, as far as ordinary purposes are con¬ 
cerned, has been found more convenient in practice than any other that 
has subsequently been devised. 

The first person who actually executed a reflecting telescope was New¬ 
ton- As soon as that philosopher discovered the unequal i-efrangibility of 
light, about the yeai* 1666, it occurred to him that any further improve¬ 
ment of the refracting telescope "was impossible, and he was led, in con¬ 
sequence, to consider the application of the princi|)le of reflexion to the 
same object. Finding that for the different rays of the prism, the angle 
of reflexion was in each case equal to the angle of incidence, he per¬ 
ceived that, by means of this property of light, optical instruments might 
be brought to any degree of perfection, provided a substance could be 
found which reflected a sufficient quantity of light, while at the same time 
it was capable of being highly polished, and of receiving a true parabolic 
figure. But the difficulties which stood in the way of accomxflishing the 
fulfilment of these conditions, were very great ; nay, they almost seemed 
to him to he insuperable, wFen he recollected, that every irregularity in a 
reflecting surface would make the rays deviate five or six times more out 


* “ Lettros de Descartes,” tom. ii., Nos. 29, S2. 8vo, Paris, 1659. 
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of their due course than in a refracting telescope *. While his mind was 
occupied with these reflections, he was compelled, bj’’ the prevalence of 
the plague, to quit Camhridge, and more than two years elapsed before he 
again turned his attention to the subject. Having now reflected upon the 
construction of Gregory’s instrument, he came to the conclusion that it 
would he preferable to place the eye-glass in the middle of the tiihe. Ac¬ 
cordingly, having succeeded, after much trouble, in discovering a substance 
that wus adapted for the formation of the larger speculum, and having also 
devised a delicate mode of polishing the surface, he actually executed a tele¬ 
scope upon this principle. He wisely abstained from attempting to malre 
the speculum truly parabolic, on account of the extreme difficulty of the 
operation, contenting himself with giving it the figure of a segment of a 
sphere. With this instrument he could see the satellites of Jupiter and the 
hoims of Venus ; hut the latter were not very distinct, nor could they he 
perceived at all without some nicety of adjustment. Encouraged by the 
success of his efforts, he made a second telescope, which proved to he 
still Letter than the former one. The focal length of speculum was 
6^- inches, and that of the eye-glass which was a plano-convex lens, with 
the fl.at side turned towards the eye^ was ^th of an inch ; the magnifying 
power of the instrument was therefore 38. • 

In the month of Hecembex;, 1671, Newton transmitted to London the 
second refiectiug telescope executed hy him, in order that it might be 
submitted to the inspection of the Eoyal Society. At the meeting of the 
Society, held on the 11th of Januaiy, 1672, it was announced that Mr. 
Newton’s instrument had been examined hy the President, Sir Eobei’t 
Moray, Sir Paul Neile, Dr. Wren, and Mr. Hooke, and that it had re¬ 
ceived their unanimous commendation. The Society at the same time 
resolved, that in order to secure the right of the inventor, a description of 
the instrument should be sent to Huyghensf who was then residing at 
Paris f. Huyghens communicated an account of it to the Academy of 
Sciences, and in consequence it soon became generally known upon the 
Continent t- 

» Phil. Tran., 1672, p. SOSO. 

k Birch, Hist. Roy. Soc., vol. iii. p. 1. The same telescope was afterwards presented 
to the Royal Society. This interesting relic of the immortal philosopher is still to be 
seen at the apartments of the Society in Somerset House. 

J Huyghens addressed a letter to the Academy of Sciences, in which he gives a de¬ 
scription of Newton’s reflecting telescope, and enumerates its peculiar advantages. The 
following passage, extracted from this letter, is worthy of notice .—“ Je compte pour un 
troisieme avantage, que par la reflexion du miroir de metal, il ne se perdpoint de rayons, 
comme aux verres qui en reflechissent une quantite notable, par chacune de leurs sur¬ 
faces, et en interceptent encore une partie par I’obscurite de leur matiere.”—(iVfewj. 
A-cad. des Sciences, tome x., p. 506.) M. Arago cites this passage as a proof that 
Huyghens was not aware of any light being lost in the course of its reflexion from a 
metallic surface, and he naturally expresses his astonishment that the Dutch philosopher 
should have been unacquainted with so obvious a principle of physics. QAnnuaire, 1842, p. 
293.) It would appear, however, from the following passage of a letter addressed by 
Huyghens to the Royal Society in answer to their communication respecting Newton’s 
telescope, that the case cannot be made out so clearly against him:—“Again, by the 
meer reflexion of the metallic speculum, there are not so many rays lost as in glasses, 
which reflect a considerable quantity by each of their surfaces, and besides intercept many 
of them hy the obscurity of their matter.”—(JP/izJ. Trans., 1672, p. 4008.) Whether 
Huyghens had corrected his mistake in the latter of the two passages just cited, or 
whether his views on the subject have been misrepresented in one or other of the two pas¬ 
sages, we leave our readers to decide. The communication inserted in the Memoirs of 
the Academy of Sciences, bears no date. The letter to the Roval Society is dated Feb. 
13, 1672. ' ^ 
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Ill 1672 Cassegrain, a I^rencliman, devised a new form, of tli^* reflect¬ 
ing telescope. It differed from tlie Gregorian telescope in tlie small mirror 
being and in its being placed so as to intercept tlie rays before 

tliey came to a focus. This telescope is more convenient than the Gre¬ 
gorian, inasmuch as it is shorter, cceteris ‘paribus^ by twice the focal length 
of the small mirror. Ramsden remarked, that the effect of spherical 
aberration was also less than in the Gregorian telescope*, and more 
i-ecently, Captain Kater shewed, by a series of experiments, that it was 
greatly superior in point of light and distinctness to any telescope of the 
latter construction, possessing an equal aperture Notwithstanding these 
alleged advantages, this form of the refleotiug telescope has been com¬ 
paratively seldom used since its invention. As has been already hinted 
at, the Newtonian telescope exhibits objects not in their true direction, 
but at right angles to it. Hooke was the first person who executed a 
telescope, the observations with which were made by viewing the object 
directly. This he effected in 1674, by perforating the centre of the larger 
speculum agreeably to the suggestion of Gregory %. 

Although both Newton and Hooke shewed that the construction of 
reflecting telescopes was perfectly practicable, it does not seem that for a 
long til no any farther attempts were made to execute such instruments; 
at all events iio progress was made in bringing thern to perfection. The 
first person who succeeded in accomplishing this object was Hadley, the 
individual whom w'e have had occasion to allude to, as one of the inde¬ 
pendent inventors of the reflecting octant. In 1723 he presented to the 
Royal Society a reflecting telescope of the Newtonian form, which he 
executed with his own hands. The diameter of the speculum was 
6 inches, and its focal length was 5 feet 3 inches. Pound and Bradley, 
liaviiu'^ compared it with the refracting telescope of 123 feet focal 
lemnh, which ITnyghens had presented to the Society, found that it 
boro as high a magnifying power as that instrument, and exhibited ob- 
iects equally distinct though not quite so bright. Notwithstanding its in- 
Ibriority in'the latter respect, they were enabled to perceive with it all 
the nlienoinena which they had hitherto discovered with the ITnygeman 
telescope, such as the transits of Jupiter’s satellites ; their shadows upon 
tlic disk of Idle planet; the black list on Saturns ring; and the edge 
of his shadow ui^on the ring. On several occasions 4hey succeeded m 
BeeiiK^ with it the five satellites of Saturn §. Reflecting telescopes 
wore Executed by Hawksbee, about the time that Hadley was prosecuting 
SiB labours \vitli such success. This iudividual made a telescope of 
h' feet focal len<^tli, which proved to he even more perfect than any of 
hdioyd About the same^Lme Bradley Molyneu. haymg been 

instructed by Hadley in the grinding and te^e^ 

benan to turn their attention to the construction of reliectmg teie- 
scopes. After much trouble, they finally succeeded m executing s^vei^ 
telescopes of considerable magnitude. One of these had a focal le ^ 

Nmui'lo the execution of reflecting telescopes was confined exclusive^ 
to po“ engS«ri- sciontiao pursuits, whence it may naturally, be 

+ ?rTnB7, Ills, p. 206 ; 1814, p. 231. 

i Birch, Hist. Roy. Soc., vol. nu, p. 122. 

I Phil. Trans., 1723, p. 382. 

II Smith’s Optics, Book III., chap. 1. 
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presumed tbat tlie numlDer of sueli instruments actually made continued 
to "be very limited. Molyneux, howeYer, having acquainted Scarlett and 
EEeame, two London opticians, witli tlie mode of grinding and polishing 
specula, these individuals commenced making reflecting telescopes for 
sale ; and, in consequence, this class of instruments soon afterwards came 
into general use 

The next person who distinguished himself by his skill in the con¬ 
struction of reflecting telescopes, was James Short, of Edinburgh. In. 
1733i when he was only twenty-two years of age, this individual turned 
Ms attention, to the polishing of specula, in which be soon attained an 
unrivalled degree of excellence. He also discovered a method of giving 
them a true parabolic figure, which had not hitherto been done by any 
j)erson. In his first attempts he confined himself to glass specula, which 
were made to reflect the light by covering them behind with quicksilver. 
James Gregory had recommended the use of glass for reflectors, on the 
ground of its absorbing less light than metal, and being at the same 
time less liable to tarnish f. With one of Short’s glass reflectors, which 
had a focal length of only 15 inches, Maclaurin asserts that it wus pos¬ 
sible to read in the Philosophical Trmisactions at a distance of 280 feetf. 
Finding that in such telescopes the light was fainter than in those in 
which the speculum was composed of metal. Short abandoned the use of 
glass, and confined himself in future to metallic reflectors. The tele¬ 
scopes of the latter description made by him appear to have been exqui¬ 
site specimens of skill. Maclaurin states, that having compared some of 
them with instruments of much greater focal length, made by London 
artists, he found the former to he far superior in respect of brightness, 
distinctness, and magnifying power. "With a metallic reflecting telescope 
of Short’s, which had a focal length of only 15 inches, it was possible to 
read distinctly in the Philosophical Transactions at a distance of 500 feet, 
and to see the fi.ve satellites of Saturn all at the same time. In 1742 
Short removed to London, where he continued to prosecute his former 
vocation with great success till his death, in 1768. One of the last 
instruments executed by him was a large reflecting telescope, which his 
brother Thomas mounted equatorially for the observatory of Edinburgh, 
and for which he was offered 1200 guineas by the King of Denmark. 
The telescopes of Short were all of the Gregorian construction. 

It has been already mentioned, that as soon as New'ton discovered the 

* Smith’s Optics, Book III. chap. 1. 

f Newton in his Optics (1704) states that, about five or sis years previously, he tried 
to make a reflecting telescope 4 feet in length, that would magnify 150 times, the 
speculum of which was of glass, and that he satisfied himself that there wanted nothing 
hut a good artist to bring the design to perfection. He recommends glass specula in 
preference to metal, as "being more easily polished, less liable to tarnish, and at the same 
time capable of reflecting more light. ( Opttes, part i. prop, vii.) Smith has inferred 
from the passages of Newton’s work just cited that “the method of making reflecting 
telescopes with glass speculums, quicksilvered over,” was first recommended by that phi¬ 
losopher. {^System of Optics, Remarks^ No- 489.) This, however, is a mistake. The 
person who first recommended glass specula for telescopes, was James Gregory, as has 
been mentioned in the text. Gregory made this suggestion in a letter to Collins, dated 
St. Andrew’s, March 7, 1673, pointing out at the same time the peculiar advantages of 
glass specula, and requesting that his views on the subject might be communicated to 
Newton. The letter of Gregory was read at the meeting of the Royal Society, held 
on the 26th of March, 1678, .and it was ordered, that it should he communicated to 
TVeiofon as the person most concerned in it. (Birchj Mist, Roy. Soc., vol. iii., p. 79.) 

I Smith’s Optics (Remarks, No. 489). 
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uiieqxial refrangibility of liglit, lie perceived that the existence of that 
principle offered a serious obstacle to any farther improvement of the 
refracting telescope. This great philosopher did not fail to make expe¬ 
riments oil the passage of a ray of light through several contiguous media, 
ill order to ascertain whether the different refractions might not correct 
each othei, so that the emergent ray, dBj%6Ct6djfTOYi% its ovz^i^zcil Goiit'sCf 

might still be free of colour. The results of his labours on this occasion 
served, however, to convince him that no such compensation could be 
effected. He found, in fact, that when the ray emerged in a direction 
parallel to its original course, it was invariably white; but when it 
emerged obliquely with respect to the direction of incidence, it became 
gradually tinged ivitli different colours in passing from the place of emer¬ 
gence Having satisfied himself in this manner that no combination 
of substances could be devised which would be capable of refracting the 
rays of light so as to produce a colourless image of an object, he seems to 
have despaired of improving the refracting telescope by any other means 
than that of increasing the focal length of the object-glass. 

It was reserved for Dollond f to shew that the views which guided 
Newton in arriving at this conclusion were erroneous, and to apply the 
true principle of pli^'sics to the construction of refracting telescopes free 
of colour. This highly-gifted individual, although moving in a humble 
sphere of life, had devoted much attention to mathematical and physical 
pursuits. He seems to have been originally led to consider the subject of 
the dispersion of light by the researches of Euler. In 1747 that distin¬ 
guished mathematician communicated amemoir to the Berlin Academy of 
Sciences, in which he attempted to shew that, by a combination of different 
substances, it wnnld be possible to construct object-glasses for telescopes, 
in which the effects arising both from spherical aberration and the unequal 
refraxigibility of light would be completely corrected. He remarked that 
the different humours of the human eye refracted the rays of light, so as 
to produce a perfectly-distinct image of an object, and he argued hy ana¬ 
logy, that a similar effect would be produced by the object-glass of a 
telescope, provided a suitable combination of substances was employed in 
its construction. Proceeding upon a certain hypothetic law of the dis¬ 
persion of light, he accordingly devised a combination of hollow spherical 
lenses, enclosing water within their concave surfaces, which, he asserted, 

* Optics, Book ir. Part I. Exper. viii. Newton states^ that he made this experiment 
with a prism glass and one of water, so adapting the two prisms that they refracted the light 
equally In opposite directions. In such a case, although the rays of light emerged paral¬ 
lel to the direction of incidence, they ought also to have been coloured, as Dollond, upon, 
repeating the experiment in the following century, actually found them to be ; but New¬ 
ton asserts that he found the emergent rays to be white- Sir David Brewster states that 
the mistake of Newton arose from his having mixed a little sugar of lead with the water, 
in order to increase its refractive power, and that the high dispersive power of the ingre¬ 
dient caused the residuum of uncorrected colour to disappear (^Life of JN'ewton, p. 58). 
The same statement is made by Sir John I-Ierschel, in his Treatise on Light, in the 
JZncyclopccdia MetropoUtana. Neither of the two distinguished philosophers just cited 
has acquainted his readers with the source whence this explanation of Newton’s mistake 
has been derived. Newton himself makes no mention of his having added any ingre¬ 
dient to the water in the part of his work above referred to, where he alludes to the 
experiment. 

John Dollond was born at Spitalfields, in London, in the year 1706. He was de¬ 
scended from French ancestox's, wdio were compelled to quit Normandy upon the revo¬ 
cation of the edict of Nantes, by Louis XIV. In early life he worked, at the loom, but 
in 1752 he joined his son as an optician. He died in 1761, having struck with 

apoplexy, while engaged in an intense study of Clairaut’s Theory of the Moon. 

mm2 
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would foxm an object-glass for a telescope, capable of producing an image 
free of colour. 

In tbe JPhilosopliical Transactions iov 1753, DollondL pointed out that 
the law of dispersion assumed by Euler was inconsistent with the conclu¬ 
sion immediately deducible from the experiments of Newton on the sub¬ 
ject, and therefore he maintained that the result of his researches could 
not be entitled to any confidence. Soon afterwards, however, Klingen- 
stierna, an eminent Swedish philosopher, succeeded in demonstrating that 
the result of Newton’s experiment was at variance with certain acknow¬ 
ledged phenomena of refraction, and upon this ground he justly asserted 
that it could not be received as the true law of nature. 

Eollond, who was endowed with the true spirit of philosophical enquiry, 
now resolved to satisfy his mind upon the subject hy actual experiment. 
With this view he formed a prismatic vessel of water, the sides of which 
were composed of plate-glass, and inserted into it a glass prism, so that 
the water and glass refracted the rays of light in opposite directions. 
When the angles of the two prisms were so adjusted that the emergent 
ray was parallel to the incident ray, he found that the emergent ray was 
tinged with different colours, a result directly contrary to that which New¬ 
ton obtained in a similar instance. Pursuing his experiment, Pollond 
found that when the angles of the two prisms bore a certain relation to 
each other, the rays of light emerged free of colour, while at the same 
time they were deflected from their original course. It appeared, then, 
that although the refractions of the rays in passing through the two 
prisms were uncompensated, their divergences were completely corrected, 
and the unavoidable conclusion therefore was, that the dispersion of the 
rays of light did not depend simply on the mean angle of refraction, as 
Newton had supposed, but that it was also influenced to a certain extent 
hy the nature of the refracting substance. 

It now occurred to Dollond that a similar effect might he produced by 
combining together prisms of glass of different qualities. By a series of 
experiments he discovered that of the various kinds of glass, crown-glass 
produced the least dispersion of the rays, and flint-glass the greatest. 
He moreover found, that if a prism of flint-glass, and one of crown-glass, 
were so combined as to refract the rays of light in opposite directions, 
and if the angles of the two piisms were so related to each other that the 
refraction produced by the flint-glass was to that produced by the crown- 
glass as two to three, the dispersion of the rays would be completely cor¬ 
rected, and they would emerge from the compound refracting substance at 
an angle iyiclined to their original course. 

The step to the construction of an object-glass for a telescope which 
would produce an image free of colour was now obvious. Dollond per¬ 
ceived that this might be effected hy combining a convex lens of crown- 
glass with a concave lens of flint-glass, the focal distances of the two lenses 
being in the proportion of their dispersive powers. He therefore con¬ 
structed object-glasses upon this principle, which were found to produce 
the effect contemplated, and thus he was enabled to execute telescopes, 
in which the indistinctness arising from the unequal refrangibility of light 
was completely obviated The term achromatic, which has been aptly 
applied to such telescopes, was originally suggested hy Dr. Bevis. 

* For an account of Doliond’s experiments relating to the dispersion of light, see JPhil. 
Trans., 1758, p. 733, et seq. 
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Although Dollond is entitled to the credit of having executed achro¬ 
matic telescopes bj the aid of his own researches on the dispersion of 
light, there is reason to believe that he was not the first individual who 
accomplished that object. It appears, in fact, that as earlj as the year 
‘Chester AEore Hall, a gentleman residing in Essex, having reflected 
upon the circumstance that the different humours of the eye so refiact 
the rays of light as to produce images free of colour, was led to consider 
the possibility of combining together different substances, so as to form, 
object-glasses for telescopes which would produce a similar effect. After 
devoting some time to the enq^uiry, he found that by combining together 
different kinds of glass, the effect of the unequal refrangibility of light 
was corrected; and, in 1733, he succeeded in executing telescopes which 
exhibited objects quite free of colour. One of these instruments, although 
its focal length was no more than SO inches, bore an aperture of 3^ 
inches. More, who was living in independent circumstances, and who 
appears to have been nowise anxious about his reputation, did not take 
any trouble in communicating his invention to the world It has been 
insinuated that Dollond had seen one of More’s telescopes, and that lie 
was indebted to this circumstance for his consbruction of the achromatic 
object-glass ; but the statement does not rest upon any solid foundation, 
and therefore it can only be regarded as an unfounded calumny. 

TliG SiCliroiiiEitic tdGSCopGS of Dollond. soon l)GC£im0 known "tliioiigooufc 
the whole civilised world, and were universally adopted by astronomers as 
affording an incontestable advantage over the ancient refracting telescopes. 
In one respect, however, they laboured under a defect which very much 
restricted the range of their efficiency. This consisted in the impossibi¬ 
lity of obtaining pieces of pnre flint-glass of sufficient magnitude to serve 
for telescopes of large aperture. It happened, from this circumstance, that 
no astronomical discoveries of importance resulted from the invention of 
the achromatic telescope. Euyghens and Cassini, by their combined ex¬ 
ertions in the preceding century, seemed to have so thoroughly sorutmized 
the celestial regions, as to leave little ox' no tiling to he gleaned hy their 
successors, until instruments should be constructed capable of penetrating 
still further into the bosom of space. This remark is applicable to re¬ 
flecting as well as refracting telescopes; for it is to be borne in mind, that 
not a single discovery had yet been made in the heavens hy the use oi a 
telescope constructed upon, the principle of reflexion. _ . 

At lenc^th the discoveries of Herschel introduced a new era in the history 
of celestfal physics. This highly-gifted individual, while occupying the 
humble situation of organist of tbe Octagon Chapel, Bath, to which he was 
appointed in the year 17C6, was in the habit of devoting bis leisure houis 
to tbe study of mathematics, and various branches of physical science, 
more especially optics and astronomy. Happening, on one occasion, to 
obtain tbe temporary use of a J2-feet Gregorian reflector, ^ lie was so 
transported with the celestial wonders which it revealed to him, that he 
conceived a passionate desire to procure a similar instrument for himself, 
and he instructed a friend in London to purchase one for him. The price 

* This account is taken* from the Geyitlffnian’s 3ifagazine for 1790, Part H*, p. 890. 
The author states, that in a trial at Westminster Hall, about the patent for making achro¬ 
matic telescopes, Mr. Hall was allowed to be the inventor; but Lord Marisheld ob¬ 
served, that “ it was not the person who locked his invention in his scrutoire that 
ought to profit for such invention, but he who brought it forth for the benefit of the 
public.” 
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demanded Ly the optician proving too great for his slender means, he re¬ 
solved, with the true instinct of genius, to rely upon liis own personal 
resources for attaining the object of his wish; and after a course of perse¬ 
vering efforts, he at length, in the year 1774, enjoyed the satisfaction of 
surveying the heavens with a 5-feet Newtonian reflector, which he con¬ 
structed with his owni hands. This was speedily followed by other 
reflectors of 7-feet, 10-feet, and even SO-feet focal length, all of w’Mch 
were exquisite specimens of artistic skill. 

Armed with such powerful instruments, Herschel now proceeded to 
explore the heavens with all the enthusiasm which genius, stimulated by 
success, is capable of insjuring. He soon convinced astronomers that he 
was no ordinary amateur, who had betaken himself to the observation of 
celestial phenomena, by the high magnifying powers which he employed, 
amounting to 2000, 3000, and even in some instances to 6500. These 
numbers far surpassed the magnifying powers hitherto employed in tele¬ 
scopic observations. In 1781 his p)erseverance w'as rewarded by the dis¬ 
covery of the planet Uranus. Soon afterwm’ds, G-eorge III. having bestowed 
upon him a liberal pension, he abandoned his original vocation, and hence¬ 
forth devoted himself exclusively to astronomical pursuits. Having re¬ 
moved from Bath, he established himself first at Datchet, in the neighbour¬ 
hood of Windsor, and subsequently at Slough, where he continued during 
the remainder of his life to prosecute a career of astronomical discovery, 
w’liicli has few parallels in any age or country. The telescopes which 
Herschel employed in the early part of his astronomical observations, 
were all of the Newtonian construction. In 1786, however, he laid aside 
the small mirror, and adopted the form of construction which he dis¬ 
tinguished by the appellation of the front vieuK By giving a slight incli¬ 
nation to the speculum, so as to throw the image a little to one side of the 
tube, it was possible to view the latter directly with an eye-glass. By 
this contrivance the light usually absorbed by the small mirror was 
saved, and the illumination of the image increased in. a corresponding 
degree. In such a telescope it is obvious that the observer looks at 
the image with his back turned towards the object. Herschel applied 
this form of construction to all the instruments which he subsequently 
employed in liis astronomical observations. His discovery of tw'O satel¬ 
lites around Uranus was a result which speedily followed its adoption. 
It is right to mention that a similar form of construction had been already 
proposed by Lemaire, a frenchman, as earl^' as the year* 1732. 

In 1789 Herschel surpassed all his former efforts as a practical opti¬ 
cian by the completion of a telescope of 40-feet focal length and 4-feet 
aperture. This gigantic instrument was no sooner turned towai*ds the 
heavens than it revealed to him the existence of two satellites around 
Saturn which had hitherto escaped the scrutinies of astronomers. It is 
impossible, within a moderate compass, to give even a simple enumera¬ 
tion of the multitude of brilliaut discoveries in celestial physics which 
rewarded the labours of this great astronomer. It may be remarked, 
however, that admirable as w'ere the immediate results of his telescopic 
observations, they would have failed to secure to Mm the exalted place 
which is now universally assigned to him in the history of astronomical dis¬ 
covery, if he had not at the same time heeii endowed with a mind of rare 
originality and power, combined w-ith a strong turn for speculation. 

Tor many years after the invention of the achromatic telescope, the ma¬ 
nufacture of flint-glass continued to be confined to England, which 
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cotintipf, m ooHse<jceiieo, ei'yojed eii exclusive privilege iu the coustruc-*' 
tion of instruments of this description. At length Guinand, a humbl© 
xneolianic of Brenete, a small village in the Canton of Neufchatel, Swit- 
zierland* having turned bis attention to the manufacture of flint-glass 
towards the close of the eighteenth centurj’, succeeded), after a long course 
of persevering efforts, in producing masses of that substance perfectly free 
of stri0S) and therefore adapted for the construction of object-glasses of 
telescopes. Brauenbofer the Bavarian optician, having been mad© 
acquainted with the vronderful success of Guinaud, resolved to take ad¬ 
vantage of the circumstance, and with a view to this ohjeot he induced 
the Swiss artisan to remove to Munich, in the year 180S. This eminent 
iiidividual, who w'as no less remarkable for sagacity in philosophical 
enquiries tban^ for skill as an artist, possessed peculiar qualifications for 
profiting by the instructions of Guinand, and he soon succeeded^ in attain¬ 
ing unexampled excellence in the construction of achromatic ol^ect- 
glasses. Telescopes were now executed by Frauenhofer, the apertures of 
which far exceeded anything hitherto known since the discovery of achro- 
niatism. It ^vas with one of these instruments, having an aperture of 
9.9 inches, and a focal length of 13^- feet, that M. Struve made the 
series of micrometrical measurements of double stars at Dorpat, between 
the years 1824 and 1837, which have rendered the name of that astro¬ 
nomer so deservedly famous. With another of them, having an aperture 
of 1.2 inches, and a focal length of 18 feet, M, hamont, of Munich, 
made those interesting observations of the satellites of Uranus, to which 
alliifeion has been made in one, of the preceding chapters. Frauenhofer 
was contemplating the execution of object-glasses of still greater mag¬ 
nitude than either of those above-mentioned, when his brilliant career 
was unfortunately brought to a close by a premature death. His succes¬ 
sors, MM. Merz and Mahler, have succeeded iii effectually realising his 
views. Among the clxef^d'cexivres of these artists may be cited the famous 
refractors of Pulkowa and Cambridge, XJ.S., to both of which instru¬ 
ments allusion has already been made in the foregoing part of this woi'k. 

Guinand remained at Munich fi’om 1805 till 1814, in which year he 
finally returned to his native country. A few years afterwards he was 
visited by Lerehours, an eminent Fi’eneh optician, who purchased of him 
all the flint-glass in his possession. Subsequently he also supplied Can- 
choix, another artist of Paris, with portions of the same valuable substance. 
The French opticians skilfully worked the material into object-glasses, 
and in this manner refracting telescopes came to be constructed in France, 
rivalling the most finished productions of the Munich artists. England, 
which continued long to he the exclusive seat of the rnanufacture of 
achromatic telescopes, had the mortification of finally seeing both Ger¬ 
many and France completely outstrip her in this branch of practical 
optics. This result she owed to the short-sighted icolicy of the Gown- 
ment, which had placed an exorbitant duty on the manufacture of limt- 
glass. The removal of this pernicious impost a few years since, has 
given a new impulse to the art, and already results have been achie'v ec 
which seemed to indicate that before a long period shall have elapsed, 
refracting telescopes will be executed in this countiy, rivalling the most 


* Joseph Frauenhofer was born in the year 1787, at Straubing, in BaTaria. Besides 
havinof attained unrivalled eminence in his professional vocation, he achievea^ xnai^ 
hnpohant discoveries in physical optics. He died in 1826, while yet in the of 

life; but he left behind him an immortal reputation. 
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powerfal mstrumeiits of tlie same Idnd -wliich hare emanated from the 
■worksTiops on the Continent 

While the refraeting telescope has been rendered vastly more effi.cient 
in modern times, the reflecting telescope has received a corresx>ondiiig 
degree of improvement. During the ]pi’esent century several very large 
telescopes -were constructed upon this principle hy the late Mr. Ramage, 
of Aberdeen, an individual of considerable originality, who possessed a 
remarkaWe aptitude for mechanical inventions. The perfection of these 
instruments does not seem, however, to have been commensurate with 
their magnitude, for they have been employed only to a very limited 
extent in astronomical observations. In more recent times, Mr. Dassell, 
of Liverpool, has especially distinguished himself by his skill in the 
construction of reflecting telescopes. "With a IsTewtonian reflector of 2-feet 
aperture, which he executed with his own hands, he has discovered the 
single satellite of Neptune, and the eighth satellite of Saturn; while, at 
the same time, he has been enabled by its use, to make several very 
interesting physical observations of the planetary bodies. In the con¬ 
struction of reflecting telescopes the Earl of Rosse bas attained a degree 
of excellence which far surpasses all previous eflbrts of the kind. It is 
impossible here to give any account of the multitude of admirable con¬ 
trivances by means of which that distinguished nohleman has succeeded 
in. bringing his telescopes to so high a state of perfection. It must suf¬ 
fice to state, that in. 1840, he completed a Newtonian reflector of 3 feet 
axoerture, which he subsequently employed in astronomical observations. 
Phenomena of a highly-interesting nature were soon disclosed by tlie’use 
of this powerful instrument. Several nebulte, hitherto observed as such 
in the most powerful telescopes, were resolved into clusters of stars, while 
others exhibited formstotallydiflerentfrom those which had been hitherto 
assigned to them. In 1B45 Lord Rosse gave to the world a still more 
striking proof of his practical talents, and his devotion to astronomical 
science, by the construction of a reflecting telescope of 6-feet aperture, 
and 54-feet focal length 1 This magnificent instrument, by far the most 
qoowerful which the genius of man has hitherto executed for the purpose 
of exploring the grand phenomena of the heavens has already, in the hands 
of its noble owner, done valuable service to astronomy, by the light which 
it has thrown upon the structure of the nebular part of tbe universef. 

The brilliant success which has attended Lord Rosse’s efforts to 
construct reflecting telescopes, has suggested to several eminent sci¬ 
entific men of the present day the ex^aediency of transporting a powerful 
instrument of this description to the southern hemisphere, for tbe pur- 

* At the meeting of tbe British Association, held in the month of July of the present 
year (1851), at Ipswich, the Astronomer Royal, in his opening address as President of 
the Association, stated that Mr. Simms had completed the flint-glass for an achromatic 
object-glass of 13 inches in diameter, and that he was engaged in executing one of 16 
inches. He also mentioned that Mr. Ross was attempting to make an object-glass of 
2, feet in diameter ! It is to be hoped that these glasses may turn out to be remarkable 
for quality as well as size. 

-}- Dr. Robinson, in a brief account of Lm-d Rosse’s optical labours, delivered at the 
meeting of the British Association, held at Cork in 1843, has renoai-ked that “ between the 
spherical and parabolic figures, the extreme difference is so slight, even in the telescope 
of 6-feet aperture^ that if the two surfaces touched at their vertex, the distance at the 
edge would not amount to the ia,^,th of an inch, a space which few can measure, 
and none without the microscope. ” l?his statement may give the reader some idea of 
the exquisite delicacy of the operation necessary for giving the speculum its true para¬ 
bolic figure. 
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pose of employing it in. physical ohservations of the celestial bodies. At 
the meeting of the British Association, which was held at Edinburgh in 
1850, it was agreed to memorialise the Government upon the advantages 
which would accrue to astronomical science from the practical adoption of 
such a scheme. It is to be hoped that, ere long, steps will be taken 
towards its complete realisation. 
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Modern Researches.—Bessel.—Henderson.—Struve.—-Peters.—Proper Motions of 

the Stars-Motion of the Solar System in Space.—Double Stars.—Discovery of their 

Physical Connexion by Sir William Herschel.—Methods for determining the Elements 
of their Orbits-—Nebulae. — Speculations of Sir 'William Herschel.—Modern Re¬ 
searches on the Subject-Sir John Herschel.—The Eai-1 of Rosse.—Early Specula¬ 

tions on the Milky Way.—Theory of Wright.— Observations of Sir William Herschel. 
— Speculations of that Astronomer on the breaking up of the Milky Way.—Re¬ 
searches of Struve on the Distribution of the Stars in Space.—Gauges of Sir John 
Herschel in the Southern Hemisphere.-—Speculations of M. Struve on the Extinction 
of Light in its Passage through Space. 

The aspect of the starry JBrmament furnislies one of the most glorious 
spectacles which nature displays throughout the entire range of her widely- 
diversified empire. The multitude of luminaries wdtli which, the blue 
vault of heaven appears bespangled, the endless vaidety of lustre which 
they exhibit, the stiiking configur-ations which they form, and the calm 
regularity with -wliich they pursue their nocturnal courses—all conspire 
together in awakening a feeling of adoration in the most listless spectator, 
while at the same time they are eminently calculated to excite the 
enquiries of the more rational observer of physical x^henomena. Attention 
conld not long have been directed to the ajppearance of the starry heavens, 
before it was discovered that, except in a few instances, the entire multi¬ 
tude of luminaries constantly maintained the same relative position. 
Hence they received the appellation of Fixed Stm-s, an expression, how¬ 
ever, which is now found to be inaccurate, since the researches of modern 
astronomers have served to demonstrate that many of the stars are affected 
hy very minute movements, while at the same time it can hardly he 
doubted that they are all subject to a similar influence. 

During the early period of astronomical science, the fixed stars were 
observed merely on account of their utility in forming reference points, by 
means of which the ax>parent x^ositions of the planetary bodies might be 
determined with greater accuracy, and the laws of their movements hence 
ascertained. Indeed, the Ptolemaic astronomy, by making the wliole 
sphere of the stai's perform a complete revolution round the earth once 
in every twenty-four hours, assigned to those luminaries a very subordi¬ 
nate xdace in the physical universe. When tlie immortal Cox^ernicus 
restored the true system of the world, the stars assumed their just dignity 
as vast bodies placed at an immeasurable distance from the earth; hut 
it seemed hox^eless ever to arrive at any knowledge respecting their 
physical constitution. At length the invention of the telescope, about 
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tlie iDegmimig of tlie seventeeiitli centm-y, by remoYiiig the veil v'hich had 
so loug concealed those remote orbs from the scrntinies of the human 
nimd, gave an unexpected impulse to researches of this nature. !From 
the epoch of Galileo’s brilliant discoveries in the celestial regions, may 
be said to date the origin of Stellar Astronomy, a branch of enquiry which 
has ever since attracted more or less attention, and which, in recent times 
especially, has excited an intense degree of interest. 

That the stars are so many suns shining by their own light, is_ an 
opinion which seems to have been entertained by some of the ancient 
philosophers. This view of their nature came to be universally adopted 
upon the establishment of the true system of the world by Copernicus, 
since it was considered to he improbable in the highest degree, that bodies 
shining hy reflected light would be visible at the earth, when at the same 
time their distance was so immense, that they did not exhibit any sensible 
change of positioix even wdren viewed at the opposite exitremities of a 
diameter of the terrestrial orbit. 

The number of stars visible to the nahed eye, is found to amouirt only 
to a few thousands; for although at first sight they seem to be innume¬ 
rable, yet a closeir scrutiny of the heavens soon serves to convince the 
observer that he has been labouring under a delusion in this respect. 
iBut what the unaided organ of vision merely suggests to the imagina¬ 
tion, without affording any substantial grounds of belief in its existence, 
an examination of the starry heavens with the telescope has proved to be 
a reality. Multitudes of stars are then perceived, which were invisible to 
the naked eye. The number also thus disclosed to view, continually 
augments with each successive increase of the optical power of the in¬ 
strument, until the imagmation is at length absolutely overwhelmed with 
the countless myriads of suns, and systems of .suns, which are found to 
people the immensity of space. 

The ancient pihilosophers supposed the celestial bodies to be essentially 
incorruptible and eternal, and hence maintained that they were not sub¬ 
ject to physical changes, as in the case of bodies at the surface of the 
earth. The progress of astirouomical science, however, has served amply 
to demonstrate that those brilliant orbs are not exempt from tbe great 
law of mutation, to -which all the other objects of the created nnivei'se 
appear to be liable. Exclusively of the evidence afforded by the observa¬ 
tions of astronomei’s on the physical constitution of the sun, thei'e are 
various stellar pohenomena of a highly-interesting nature, -uEich concur in 
establishing this imioortant fact, A brief allusion to some of them may 
not perhaps be unacceptable to the reader. 

In some instances, stars which have shone for ages in the firmament, 
have ceased to be visible. A comparison of catalogues of the stars con¬ 
structed for different epochs, -would indeed seem to indicate that a gi*eat 
number of such objects that were formerly visible in the celestial 
sphere, have totally vanished ; but it is probable that in most of these 
cases the discordance is attributable to tbe imperfection of the earlier 
observations of astronomers. Stars, however, have been mentioned by 
Montanari-t, Maraldi j, and Sir William Herschel b respecting whose ex¬ 
tinction there hardly exist grounds for entertaining any reasonable 
doubt. 

* Phil. Trans., 1671, p. 2202. f Mera. Acad, des Sciences, 1709, p. 40. 

$ Phil, Trans., 1792, p. 26- 
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Yarious new stars are recorded in Mstory, ■wliicli after having shone 
with great splenclonr for a short time, then gradually faded away until 
they ceased to he visible. Thus Pliny asserts, that the appearance of a 
new star in the time of Hipparchus, about th«-‘year 180 ^aaBs, was the 
occasion of inducing that astronomer to construct his famous catalogue 
of the stars. A new star is said to have appeared in the reign of the 
Emperor Honorius, about the year 390 a.d. ; also one in the reign of the 
Emperor Otho, about the year 945 ; and again a phenopaenon of a similar 
nature in the year 1S64. 

t: In the year 15 T2, there appeared a splendid new star in the constel¬ 
lation of Cassiopeia, which is memorable for being the earliest of such 
phenomena respecting which any authentic particulars have heen recorded 
by astronomers. This star was observed by Tycho Brahe, who, in a long 
work, written expressly on the subject, has given a detailed account of 
the various circumstances oonnected with its appearance; including a 
critical discussion of the speculations of his contemporaries on its pro¬ 
bable origin. It was first seen by him on the evening of the 11th of 
November, 1572. It then surpassed in lustre the brigiyitest of the fixed 
stars, and was even more brilliant than the planet Jupiter, although 
then in opposition and near perihelion. It almost rivalled Yenus, 
and, like that planet, was seen by some persons even in the daytime. 
During the remaining part of November, it continued to shine with 
undiininished lustre; but it subsequently began to dechne, and it gra¬ 
dually grew fainter, until at length,' in the month of March, 15 74, it 
ceased to be visible. The colour of this exti*aordinary object underwent a 
succession of changes during the period of its appearance. When it first 
became visible, it shone with a bright white light, like Venus or Jupiter. 
It then acquired a yellowish tinge; afterwards became ruddy, like Mars 
or Aldebaran; and finally exhibited a leaden hue, like the planet Saturn 
Tycho Brahe suppiosed it to be generated from the ethereal substance of 
which he imagined - the Milk}’" "Way to be composed, and to have been 
afterwards dissipated by the light of the sun and the other stars, or to 
have dissolved spontaneously from some internal cause f, A more modern 
hypothesis has referred the origin of the phenomenon to some vast com¬ 
bustion, an exj)lanation wlrich receives some degree of support from the 
gradual change of colour which the light of the star exhibited, 

A few years after the close of the sixteenth century, another splendid 
new star burst forth in the constellation of Serpeutarius. In this instance 
the phenomenon w’as witnessed by many eminent astronomers, including 
Kepler, who wTote an interesting dissertation on the subject of its appear¬ 
ance!. It was first seen by that astronomer on the ITth of October, 
1604. It surpassed in brightness the stars of the first magnitude, as 
well as the planets Mars, Saturn, and Jupiter, all of which were in its 
vicinity. Like the star of 1573, it began to decline soon after its appear¬ 
ance, and finally ceased to be visible between October, 1605, and February, 
1606. Kepler was of opinion that it was generated from an ethereal 
substance, not confined exclusively to the region of the Milky Way,^ as 
Tycho Brahe had supposed in the case of the star of 1573, but pervading 
all space. In connexion with this explanation of the origin of the star, 
he remarked, that the luminous ring observed around the dark body of 


* Progymnasma-ta, p. 297. + Ibid., p. 795. 

^ “ De" Stella Nova iu Pede Serpentarii,” 4to, Praga, 1606. 
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the moon at Naples during the total eclipse o£ the sun which happened 
ill the year 1605, was occasioned hy the existence of such a substance 
around the sun 

— The new stars of and 1604, are memorable in the history of 

astronomy, for the extraordinary splendour with which they suddenly 
hurst forth upon the world. Several phenomena of a similar nature have 
suhseq^uently been observed, hut they have not exhibited such remarkable 
features as the stars just mentioned. 

A comparison of the writings of the ancient astronomers with the 
results of actual observation, would seem to indicate that some stars have 
undergone a permanent change of brightness. Besides these, how’^ever, 
there are several stars which have been recognized in modern times to he 
subject to periodic variations of lustre, completing the cycle of their 
phases in comparatively short intervals of time. The most celebrated of 
these is the star in the neck of the Whale, which Bayer has marked in 
his charts with the Greek letter omicron, and which, in consequence of 
the singular changes exhibited hy it, was termed Mira Ceti. This star 
was first seen by* * * § ^David Fahricius, on the 13th of August, 1596 f ; and as 
it disappeared in the following October, it was considered by Kepler and 
the other astronomers of the time to have been a new star, like the one 
of 157S. It was first recognised as variable by Phocylides, a Dutch 
philosopher, who commenced his observations of it in the year 1688 h 
Bouillaud, by a comparison of all the observations included between the 
years 1638 and 1667, ascertained that its variations are periodic, and that 
it passes through the course of its phases in about 333 days. The 
more accurate researches of modern astronomers make the period 
to be 331 15^^ 7 “* §. This star is generally invisible to the naked eye 

for about five months. It then gradually increases until it attains the 
brightness of a star of the second magnitude ; and after remaining 
in this state for about fifteen days, it begins to decline in brightness, 
diminishing nearly at the same rate as that at which it had formerly 
increased. 

A great number of stars have been recognised by modem astronomers 
to be subject to variations of brightness similar to those remarked iia 
the case of o Ceti. One of the most interesting of these is the bright 
star in the head of Medusa, termed Algol or & Persei. Montanari, and 
afterwards Mavaldi, found that it was subject to singular fluctuations of 
brightness; but no attempt was made to ascertain either the period or law 
of variation, until Goodricke commenced his observations of the star in 
the year 1782. By continuing for some time to watch its successive 
phases of brightness, that acute observer found that, after resembling a 
star of the second magnitude, for about two days thirteen hours and 
three quarters, it descended in the short space of three hours and a half 
to the fourth magnitude, and then in an equal interval of time regained 
its former brightness, thus completing the cycle of its variations in 
about two days twenty hours and three quarters H- By a subsequent 
comparison of an observation of the star by Flamsteed, who in the year 

* Kepler, De /Stella Nova, cap. xxiii. p. 115. 

Ibid., cap. xxii.,p. 11*2. 

$ Hevelius, Uistoriola Mirce SteRcs, p. 147, foL, Gedan, 1662. 

§ The researches of Bouillaud on the subject appeajred in a small tract, entitled “Ad 
Astronomos mo nita duo,” Paris, 1667. 

11 Phil. Trans., 1783, p. 474, et seq. 
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1696 noted it as a star of the third magnitude, with a corresponding ob¬ 
servation of his own, he determined the period more accurately to be 
SOI" 4866 

Another interesting star, the discovery of whose variability is due to 
Goodriche, is0 LyrcB. It was first recognised by him as subject to changes 
of brightness in the year 1784. He was originally induced to fix the 
period of variation at 91^ ; but after continuing his observations for 
some time, be found that, although the course of the phases very nearly 
agreed with this period, an exact compensation of brightness did not take 
place in less than 19^', there being in reality two maxima and two 

mmiina. When it attains its maximum brightness, it is eq_ual to a star of 
the third magnitude. At one of its minima, it appears between the 
fourth and fifth magnitude, and at the other between the third and 
fourth f. These interesting particulars have been fully confirmed by the 
recent researches of M- Argelander. 

It may be remarked respecting variable stars, that in passing through 
their successive phases, they are subject to sensible irregularities, which 
have not hitherto been reduced to fixed laws. In general they 
do not always attain the same maximum brightness, their fluc¬ 
tuations being in some cases very considerable. Thus, according to 
Argelander, the variable star in Corona Borealis, w'hich Pigott dis¬ 
covered in 1795, exhibits on some occasions such feeble changes of 
brightness, that it is almost impossible to distinguish the maxima from 
the minima by the naked eye; but after it has completed several of its 
cycles in this manner, its fluctuations all at once become so considerable, 
that in some instances it totally disajopears. It has been found, 
moreover, that the light of variable stars does not increase and di¬ 
minish symmetrically on each side of the maximum, nor are the succes¬ 
sive intervals betwoen the maxima exactly equal to each Other- 

Several piersons have endeavoured to account for the phenomena of 
variable stars, but no satisfactory view of the subject has yet been 
arrived at by any enquirer. Bouillaud sought to account for the variations 
of 0 Geti, by attributing to the star a rotation round a fixed axis, 
and supposing the greater part of its surface to be obscure. According 
to Maupertius, some stars, by whirling rapidly round their axes, became 
flattened to such an extent as to resemble millstones : they were, more¬ 
over, liable to periodic perturbations from the action of opaqne bodies 
revolving round them. Hence, when one of such stars presented its 
flattened surface to the earth, it shone with its maximum brightness, 
and when seen edgewise, its lustre was manifestly a minimum. Good- 
ricke suggested that the variations of Algol might perhaps arise from the 
periodic transit of an opaque planet revolving round the star. Pigott 
assimilated the phenomena of variable stars to the solar spots, and this 
view of the subject is beyond doubt the most satisfactory that has yet 
been advanced. 

The Photometry of the stars, although forming one of the most im¬ 
portant subjects of Stellar Astronomy, has hitherto remained in a very 
imperfect condition. The usual mode of designating the brightness of 
the stars by arranging them according to different magnitudes, is both 
vague in theory and contradictory in. practice. It is vague, inasmuch as 
the place of a star in the scale of magnitudes conveys no definite idea of 


* Phil. Trans., 1784, p. 289. 


f Phil. Trans., 1785, p. 153, et seq. 
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tlie q[Bantity of light emitted by it relative to any other star -whose place 
is assigned in the scale ; and it is contradictory, inasmuch as in number¬ 
less instances the same star has a different magnitude assigned to it by 
different authorities. Bailly proposed to amend the s^^'stem of stellar 
nomenclature by determining the brightness of each star upon strict photo- 
metrical principles. To this end he suggested that all the stars should 
be observed with the same telescope, and that in every instance the aper¬ 
ture should be diminished until the star just ceased to be visible It is 
obvious that the light usually emitted by any star to the earth would then 
be inversely proportional to the corresponding aperture. This mode of 
determining the relative brightness of the stars is unexceptionable in 
point of theory, hut practical difficulties have hitherto stood in the way of 
its adoption as the basis of a new system of nomenclature. 

Sir William Herschel rejected the system of magnitudes altogether, as 
unworthy of any reliance, and determined the relative brightness of a great 
number of stars visible to the nahed eye, by comparing each star with the 
other stars in its vicinity, and noting those which -were sensibly equal to 
it in lustre, or differed from it only in a very small degree. The results 
of his labours on this occasion form a valuable record for ascertaining at 
some future epoch whether any of the stars to which they refer have 
undergone a variation of lustre t- 

More recently Sir John Herschel has employed a similar method in 
connecting a great number of stars distiibuted over both hemispberes in 
one unbroken chain of relative brightness, and has also succeeded in 
adapting the results to the conventional system of magnitudes so as to 
represent the brightness of the various stars according to the usual 
nomenclature, but in a vastly-improved condition as respects accuracy of 
detail. The same distinguished astronomer has moreover determined, by 
a series of photometrical experiments, the quantity of light actually 
emitted by each star relative to a certain standard star considered as 
the unit of light, and has instituted a comparison between the results 
and the corresponding magnitudes of the stars. The conclusion to which 
he was conducted by his researches on this occasion, is at once curious 
and instructive. It appeared that if the conventional magnitudes of the 
stars as rectified by him. were all increased by the common fraction 0*414, 
the squares of the resulting magnitudes would then be inversely pro¬ 
portional to the corresponding pohotometric numbers, representing the 
light of the stars as determined by experiment. Now this is precisely 
the relation that would subsist between tbe distances of the stars from the 
earth, and their respective photometric intensities, on the probable sup¬ 
position that they all yield the same quantity of light at the same distance. 
It follows, therefore, that the ordinary nomenclature of magnitudes, when 
sufficiently amended, repi'esents pretty nearly the order of the distances 
of the stars, and would even, rigorously do so, provided the magnitudes 
■were augmented by the common fraction above mentioned X- An example 
will illustrate this cuiious conclusion more clearly. The bright star 
Centatiri being assumed as the standard unit in tbe scale of conventional 
magnitudes, the star Antares, according to Sir John Herschel, will be 
represented in the same scale by 1*6. Now if the distance of a, Centauri 


^ Mem. Acad, des Sciences, 1771, p. 580. 

+ See BhiL Trans., 1796, 1797, 1799. 

X Results of Ast. Observ., Sec., p. 304, et seq. 
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from tlie eartli bo at the same time assumed as tlie unit of distance, it 
would follow from tlie pliotometric experiments of the astronomer just 
mentioned, that the distance of A ntares, as deducible from the quantity of 
light which it emits, would be represented by 3’014, which is equal to 
1-6 -I- '414. Consequently, if the nomenclature of the stars was so mo¬ 
dified that the magnitude of Antares, as it stood in the old scale, was 
increased by * * * § 414, the resulting magnitude would then afford an accu¬ 
rate representation of the relative distance of the star; and the same 
may be said of all the other stars whose conventional magnitudes have 
been rectified by Sir John Herschel 

Hooke appears to have been the first person who considered the mode 
in which the visibility of the stars depends upon the telescope. In his 
'MlicograpMa^ he remarks that the number of stars visible in a telescope 
will increase with the enlargement of the aperture, for, by uniting a great 
number of rays into one point, many stars, which from their faintness 
would otherwise be invisible, are thereby brought into view, and rendered 
conspicuousf. In 1717, J. Cassini alluded to the same subject in a com¬ 
munication to the Academy of Sciences, on the parallax of Sirius. He 
remarked that the stars of tlie sixth magnitude are six times more remote 
than those of the first, and hence he concluded, that with a telescope 
magnifying 200 times, it would be possible to perceive stars that were 
1200 times more remote than those of the first magnitude 1. The visi¬ 
bility of the stars is here made to dexiend wholly upon the magnifying 
power of the telescope. That some obscure connexion really does exist 
between the two principles appeal's evident from the observations of sub¬ 
sequent astronomers §, but it has beef! no less unequivocally established 
that the visibility of the stars mainly depends upon the magnitude of the 
aperture. 

Xiamberfc, in his “ Cosmological Hetters,” accounts for the power of the 
telescoxie to render small stars visible by the superior ]3i'scision of the 
image which it forms, when compared with that formed by the naked eye. 
He makes no allusion whatever to the magnitude of the aperture, but he 
exju'essly asserts that the visibility is indejpendent of the magnifying 
power. Michell, in the year 1707, took a more correct view of the sub¬ 
ject, making the visibility to depend on the magnitude of the aperture. 
Assuming the diameter of the pujiil of the eye to he equal to one-third of 
an inch, and roughly estimating the quantity of light lost in passing 
through telescope, he wms enabled to compare the distance of the 

* The researcbes of Sir John Herschei do not extend to stars lower than those of the 
fourth mag’nitude. It would appear from a recent paper by Mr- Dawes (Afo. JProc. As(m 
5'oc., June, 1851), that the nomenclature of telescopic stars, as indicated by the obser¬ 
vations of Dalande, Bessel, and Argelander, is based upon a different principle. 

+ See the work cited, p. 241- 

J Mem. Acad, des Sciences, 1717, p. 260. 

§ Thus Sir William Herschei, in one of his earlier communicationsfc the Royal So¬ 
ciety, cites several instances of stars which could not be seen with a magnifying power of 
227, but which became distinctly visible when a power of 460 was applied CJPkil. Trans., 

] 782, p. 92J. Mr. Dawes has recently I'emarked that the aperture necessary to render 
the stars steadily visible to him in a telescope magnifying sixteen times, is less than the 
pupil of his eye, being only '15 inch in diameter, whereas he estimates (hat of the 
pupil of his eye at *25 inch JPro. Ast. Soc., June, 1851). Now in such a case 

it might be expected that the aperture of the telescope would be greater than the pupil 
of the eye, in order that a compensation might be effected foi* the light necessarily lost 
in telescopic observation. Is not this apparent anomaly due to the influence of the mag¬ 
nifying power, which, under certain circumstances, is favourable to the visibility of the 
object, as in the instances above alluded to? 
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faintest stars seen in a telescope of given aperture, 'with the distance of 
those barely visible to the naked eye 

The subject of the visibility of the stars has been fully considered by 
Sir William Herschel, in an admirable paper which appears in one of the 
volumes of the Philosophical Transactions f. By a series of photometrical 
experiments, he determined the quantity of light lost in telescopes of dif¬ 
ferent forms of construction. Assuming, moreover, that the pupil of the 
eye was equal to two-tenths of an inch in diameter, he compared the dis¬ 
tance at which a star would be barely visible in a telescope of give'n. aper¬ 
ture with the distance of the smallest stars visible to the naked eye, con¬ 
sidered as the linear unit. The former of these, distances was termed by 
liim the space-penetrating power of the telescope. Herschel, in accord¬ 
ance with these principles, determined the space-penetrating powers of 
various telescopes, differing either in construction or aperture, which he 
employed in his observations. 

Since the brightness of a star seen in a telescope depends upon the 
magnitude of the aperture, it follows, that by gradually diminishin« the 
latter, the image of a star may he reduced to any degree of faintness we 
please. Hence, if two stars of unequal brightness he obsei-ved with two 
telescopes exactly similar in all respects, and if the aperture of the tele¬ 
scope directed to the brighter star he reduced until both stars appear of 
the same brightness, it is manifest that the absolute quantity of li»lat 
emitted by each star to the earth, will be in the inverse ratio of the a}^r- 
ture of the telescope through which it is thus seen. Now, knowing the 
relative quantities of light emitted by the two stars, their relative dis¬ 
tances may he readily determined, supposing, as before, that both stars 
IDossess the same degree of intrinsic brightness. Sir William Herschel 
applied these principles to the determination of the relative distances of 
the stars % and clusters of stars § visible in his powerful telescopes. It is 
impossible wdthiii the limits to which we are confined, to give any account 
of the sublime results to which he 'was conducted by his labours on this 
occasion. 

The question with respect to the absolute distance of the stars from the 
earth, is one which has excited a high degree of interest among astrono¬ 
mers ever since the re-establishment of the true system of tlie world by 
Copernicus. This might be ascertained in any case by a simple and direct 
process, if the star exhibited a change of position depending on the mo¬ 
tion of the earth in her orbit, but such a parallactic displacement was long 
found to be insensible. Another mode of effecting the same object 'was 
founded upon a knowledge of the apparent diameter of the star. Assum¬ 
ing the star to be equal in absolute magnitude to the sun, it is clear that 
the distance of the sun from the earth would be to the distance of the star 
from the same body, as the apparent diameter of the star to the apparent 
diameter of the sun. This mode of determining the distance of a star 
was less satisfactory than that founded upon a kno-wledge of its parallax, 
seeing that it involved an arbitrary assumption with respect to the mag¬ 
nitude of the star; but still it was exceedingly desirable to arrive at some 
probable conclusion upon the subject. It was soon found, however, that 
the measurement of the apparent diameter of a star was an object of as 
great delicacy as the detection of its parallax. The earlier astronomers, 
indeed, supposed that the principal stars possessed an apparent magnitude 




* Phil. Trans., 1767, p. 234, et seq. 
It Ibid., 1817, p. 302, et seq. 


f Ibid., 1800, p. 49, et seq- 
§ Ibid., 1818, p- 429, et seq. 
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of S'' or 3''^; but the telescope sliewed this to be to a great extent an illu¬ 
sion, produced by the false light surrounding the star. G-alileo attempted, 
by a very ingenious method, to get rid of the effects of irradiation in 
measuring the apparent diameter of « hyrsa, and he so far succeeded in 
his object as to assign to the star an apparent diameter of only 5"!-. This 
■was undoubtedly a mnch nearer approximation to the truth than any esti¬ 
mate that had been hitherto formed of the apparent magnitude of a star. 

Horrocks first remarked a phenomenon which furnishes a striking 
proof of the extreme smallness of the apparent diameters of the stars, 
in company with Ms friend Crabtree, he witnessed an occultation of the 
Pleiades by the naoon, on the evening of the 19th of March, 1637. As 
^oon as tbe stars approached in succession the dark limb of the moon, 
they ■were in each instance observed to vanish instantaneously!;. Horrocks 
justly asserted, that if the whole of the light in each case had emanated 
directly from the body of the star, the latter ought to have disappeared by 
sensible gradations. He therefore concluded that the apparent diameters 
of the stars are mere points which are not capable of measurement. 

Hevelius, by diminishiug the aperture of his telescope, succeeded in 
giving a round planetary appearance to the stars, and he determined the 
apparent diameters of the resulting disks by comparing them in succes¬ 
sion with Mercury, whose apparent diameter he had poreviously ascei'- 
tained from observations of its transit across the sun’s disk. In this 
manner he found the apparent diameter of Sirius to be Q'’' 2; that of 
Procyon, 4/' 68'"^, &o., &e.§. ^ In 1717, J. Cassini observed Sirius with a 
telescope, the aperture of which he had similarly reduced, and by com¬ 
paring the round disk thus formed with the planet JupDiter, lie concluded 
that the apiparent diameter of the star did not exceed Both He¬ 

velius and Cassini erred in supopoosing that the round appiearance of stars 
seen in telescopes wdtli reduced apoertures was real. The polienoinenon is, 
in fact, a spurious image produced by the diffraction of the light in passing 
the contour of the aperture. 

Halley did not fail to express his suspicion that the appiarent diameter 
ascribed by J. Cassini to Sirius was an opitical fallacy, occasioned by the 
great contraction of the aperture of the object-glass^. From the iiistan- 
taneous disappearance of stars on the occasion of their occultation by the 
moon, he concluded, as Horrocks had already done, that the apjparent 
diameters of the stars is excessively small. He considered that the apjpa- 
rent diameters of Sp)ica Virginis and Aldeharau were in both cases less 
than 1'^. Michell supposed that the diameter of Sirius was even less than 
0" OS- We thus see that the progress of research on the subject tended 
invariably to assign a less and less apiparent diameter to the stars. 

* Tyeho Brah^ estimated the apparent diatneters of the star's of the first mngnitude at 
2'; those of tbe second at 1^' ; those of the third at l-jlj'; those of the fourth at ; those 
of the fifth at y; and those of the sixth at (^JProffym?iasmata, p. 4825.) 

f Opera de Galileo, tome iv., p. 259. 

$ “ Venus in Sole Visa,” p. 139. The merit of having originally deduced from this 
phenomenon a proof of the extreme smallness of the apparent diameters of the stars has 
teen erroneously ascribed by some writers to Halley, upon the stx-ength of a remark made 
by that philosopher, in 1718, relative to the same subject. QPhil. Trans.^ 1718, p. 853.] 

§ “ Mercurius in Sole Visus,” p. 92. Hevelius states on this occasion that he saw Sii-ius 
with the naked eye, on the morning of October 2, 1661, when the snn had alreadi 
ascended above the horizon. 

11 M6m. Acad, des Sciences, 1717, p. 258. 

•rr Phil. Trans., 1720, p. 3. 
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Sir William Herscliel devoted considerable attention to the subject of 
the apparent diameters of the stars, but he was unable to effect any mea¬ 
surement on which he could rely with sufficient confidence. As might be 
expected, he made the real apparent magnitudes of the stars to be less 
than any other astronomer had hitherto determined them to be from 
observation. On the 22nd of October, 1781, he observed the bright star <» 
Lyras, with a powrer of 6450, and, having measured the apparent diameter 
with the micrometer, be found it amount to 0^'.3553 It may not be un- 
interestiiig to compare the absolute magnitude which this result would, 
assign to the star, with the absolute magnitude of the sun. To this end it 
may be remarked that the parallax of « Lyroe, as determined in recent times 
by M. Struve, amounts to O'".261. Its distance from tbe earth exceeds, 
therefore, tbe radius of the terrestrial orbit in the proportion of 790,283 
to 1. Hence, if we suppose the sun to be transported to this distance, 
his apparent diameter (estimated at the mean value of 32'') would be 
diminished in the same proportion, and would therefore be equal only 
to 0''^.0024. Now the apparent diameter of « Lyras, as determined by 
Herschel, exceeds this quantity in the proportion of 148 to 1. It follows, 
therefore, either that the result obtained by Herschel on this occasion 
differs widely from the true value, or that &, Lyrae vastly exceeds the sun 
in absolute maguitude. It can. hardly be doubted that the phy^sical 
anomaly which here presents itself, is mainly due to an erroneous determi¬ 
nation of the apparent diameter of the star. Indeed, as has been already 
remarked, Herschel does not appear to have reposed any confidence in 
such measurements, being of opinion that tbe round appearance of the 
stars, even when seen in the most perfect telescopes, was almost wholly 
spurious. 

When the stars are observed with telescopes of great optical perfection, 
furnished with high magnifying powers, they are generally found to 
exhibit a well-defined planetary appearance, even although the apei'ture 
should not be reduced. There is also visible around the disk of the star 
an alternate succession of dark and bright rings of uniform breadth. It 
has been already mentioned that the round disk is a spurious j>heno- 
menon, occasioned hy the diffraction of light. The rings have also been 
satisfactorily explained by the same principle. It is important to remark, 
that these phenomena would be produced in greatest pei-fection if the star 
was merely a physical point of light. Mr. Airy, by a mathematical inves¬ 
tigation, has rigorouslj" accounted for the appearance of the disk and sur¬ 
rounding rings, upon the principle of the mutual interference of the raj’-s 
of light, and has also explained a part of the phenomenon which had 
hitherto seemed very obscure, namely, tbe de];>endence of the maguitude 
of the disk on the intensity of the light of the starf. 

The parallax of the fixed stars having been found for a long time to be 
insensible, attempts were made to determine their distances from the 
earth by photometiical principles. 'Assuming the stars to be equal to the 
sun, both in magnitude and intrinsic splendour, it is clear, since liglit 
diminishes in the inverse ratio of the square of the distance, that the 
light of the sun will be to the light of any of the stars, as the square of 
the distance of the star from the earth to the square of the distance of 
the sun. Hence, if the quantity of light sent to us hy the star b© 
determined relatively to the light of the sun, its distance from the earth. 

* Phil, Trans., 1782, p. 147. -t Camb. Phil. Trans., vol. v., p. 283. 
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may be ascertained by a simple process of arithmetic. James Gregory 
ajipears to haye first suggested this mode of determining the distance of 
a star from the earth. Huyghens, by applying' it to Sirius, found that 
tlie distance of that star from the earth exceeded the distance of the 
sun S8,000 times. The same method subsequently attracted the atten¬ 
tion of various astronomers, among whom may be mentioned Chesaux, 
iambert, Michell, and Olbers, who all agree in assigning to the stars of 
the first magnitude a parallax less than as the result of its application. 

AA^ollaston found that the light of Sirius appeared equal to that of the 
sun ^Yhen reflected from the surface of a sphere -^^-th _ of an inch in 
diameter, and seen at the distance of 210 feet. Supposing the half of 
the solar lioht to be lost during reflexion, he hence concluded that the 
lio’ht of the sun was to that of the star as 20,000 millions to one. 
Hence, if we assume the star to be equal in magnitude and intrinsic 
splendmir to the sun, this result would imply that the distance of the star 
from the earth is 141,421 times greater than the distance of the sun, 
whence its parallax would amount to 1''''.8^'. It has been ascertained, 
however, from the observations of astronomers, that the_ parallax of 
Sirius is in reality less than half a second. The conclusion therefore 
is, that in Magnitude the star greatly surpasses the sun 

Wollaston found by a similar method, that the light of the sun \vas 
to the li<dit of a- Lyrsp, as 180 thousand millions to one, and consequently 
that the^light of « Lyrse was only one-ninth of that of Sirius. This would 
imnlv that « Hyrse was three times more distant than Sinus, and that its, 
pamilax was therefore only 0-.6. this, however, considerably ex¬ 

ceeds the true value as recently determined by M. Struve. 

It has been already mentioned, that the attempts of the earlier astio 
nomers to detect an annual variation in the apparent iplaces of the stars, 
dm^ndiim- on the motion of the earth in her orbit iv^as not attended with 
any succels. Copernicus attributed the absence of all sensible indication 
rf \.niilbix to the immense distance of the stars compared cyith the ladiu:. 

of the miu’estrial orbit. Tycbo Brahe, although ^ ^^^ThT pur- 

iiinoh more 'nerfect construction tlian any liitlieito emplo} ed 1 

much , observation, was unable to detect the slightest trace 

poses of afationomical stars. On the other hand, he 

of an annual ^ ^ ^ magnitude to have an apparent diameter 

estimated the stars ^ ^he fiist^ “Sore, that if the eai4h really moved 
of about 2 01 3. He ’ that the stars of the first 

round the sun, the whole amplitude of the terrestrial 

appeared to him to be palpably absurd, and fatal 

to the Coperniran theory oi the univeise^ parallax of the fixed 

. Wved more suolessfaJapplicatiou in recent 

stars, which has leceiveci . ., instances wherem two stars of un- 

times. He remarked, each other, it may be 

equal magnitudes are appaie^ ^ nnoears so only from its 



[nsensible relative to pS.ytion of the large! star 

therefore, that by ° throuehout the course of the year, the 

p»:ilirS“U“togerTter might bf detected^. This method obviously 


« Phil. Trans., 1829, p. 19 j seq. 


+ Operc di Galileo, tome iv., p. 2/.-— 
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afforded a more favourable cbance of detecting the parallax of a fixed 
star, than that founded on observations of the absolute position of the 
star in the celestial sphere. It does not appear that Galileo attempted 
on any occasion to reduce it to practice. 

Hooke first employed the telescope in observations for the purpose of 
detecting the annual parallax of the fixed stars. In order to avoid the 
effects of refraction, he confined his observations to the star y Draconis, 
•which passes near the zenith of Gresham College, London, where his 
observatory was established. From four observed zenith distances of the 
stars, as determined by him in the months of July, August, and October 
of the year 1669, v?ith a zenith sector 86 feet long, he concluded that 
the star had an annual parallax, amounting to some-where between ST”" 
and 30''=5^ It is to be remarked, however, that Picard, a few years after¬ 
wards, observed the altitude of a Lyras at both solstices, but was unable 
to detect the slightest trace of parallaxf. 

Previous to the discovery of the Aberration of Light, the displacement 
due to that principle exhibited itself in the observations of several 
astronomers, who, in some instances, were induced erroneously to at¬ 
tribute it to the effects of parallax. In all probability the variations in 
the apparent place of y Draconis^ observed by Hooke, preceded from 
this cause. This was certainly the case ■with respect to Flamsteed, who, 
from a series of observations of the zenith distance of the polar star, 
made by him at Greenwich with the mural arc, between the years 1689 
and 1697, concluded that the star possessed an annual parallax egual 
to at least 40"J. Cassini shortly afterwards remarked, •with justness, 
that the displacement indicated by the observations of Flamsteed, was 
incompatible with the supposition of its being produced by parallax §. 
It has been already mentioned, that the variations in the position of 
the pole star, detected by Flamsteed on this occasion, were, in reality, 
the results of aberration, the maximum value of which is deducible 
with an astonishing degree of accuracy from the observations of that 
astinnomerll- It may be mentioned, that, about the same time, Wallis 
suggested observations of tbe greatest aziniutb, east or west of a circum¬ 
polar star, as favourable for the detection of parallax, since the effect of 
refraction would thereby he completely avoided 51. It does not appear that 
any astronomer attempted to reduce this method to practice. 

Horrebow states that, in the years 1692-S, Hoemer remarked a series 
of irregularities in the declinations of the stars, which could not he 
accounted for either by parallax or refraction, but which he suspected 
to arise from a variation in the position of the terrestrial axis, the theory 
of which lie hoped to assign on some future occasions'll. It cannot 
admit of any doubt that the anomalies observed by that distinguished 
astronomer were attributable to the effects of aberration which hitherto 
continued to be unaccounted for. Dismissing the declinations as not suffi¬ 
ciently trustworthy in so delicate an enq[uiry, Roemer attempted to deduce 
the parallax of the fixed stars from observations of their right ascensions. 
By a series of observations of Sirius and » Lyrse, made at different 
seasons of the year, he found that tbe aggregate of tbe parallaxes of the 
two stars produced an annual variation in the difference of their right 

* “ Attempts to Prove the Motion of the Earth,” p- 7. 

f Lemonnier, Hist. Celeste, p. 252. f Wallis’s " Opera Mathematica,”tom. iii.,p. 705. 

§ Acad, des Sciences, 1699, p. 177. [I See chapter xiv. 

^ Phil- Trans., 169S, p. 844. ** Basis Astronomise, p. 66. 
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ascensions, amounting to somewhere betw.een and It lias been 

proved by the observations of subsequent astronomers, that such a dis¬ 
placement could not have arisen from the effects of parallax. The same 
may be said respecting a series of results which Horrebow deduced at a 
subsequent period from the observations of Roemer, and ■which he 
published with great confidence, as affording incontestable evidence of the 
motion of the earth, in his work entitled “ Oojpernicus Trium.^Jians.'’' 

It has been already mentioned, that, in an attempt to establish the 
existence of a sensible parallax in y JDraconis, Bradley was conducted 
to his immortal discovery of the aberration of light. This important 
result put an end to the anomalous irregularities which continued to 
affect the observations of astronomers, ever since they became sufficiently 
accurate to render sensible the displacement arising from that cause. It 
was now evident that the parallax of the fixed stars was in all cases 
vastly smaller than it had hitherto been supposed to be. Bradley was of 
opinion that if the parallax of y Draconis had amounted even, to V', his 
observations with the zenith sector could not fail to have detected its 
existence 

Allusion has heen made to the method proposed by Galileo for deter¬ 
mining the parallax of a star. The invention of the micrometer, about 
the naiddle of the seventeenth century, tended very much to enhance the 
practical utility of that method. It was probably this circurustance ‘ 
which induced James Gregory to recommend its application in a letter 
to Collins, the Secretary of the Royal Society, dated June 24, 1673f. 
Gregory does not seerii to have been aware that Galileo had already 
suggested the same method. ITuyghens appears to have been the person 
"who^ first reduced it to practice. He mentions, in one of his works, that 
he in vain attempted to detect any traces of an annual change in the 
relative position of the two stars composing the middle star in the tail of 
the Great Bear j ZJrsco D£ajoris\ In the following century Dr. Long 
endeavoured to detect a similar variation in the relative positions of 
several double stars, but all his efforts were fruitless §. It is to be 
remarked, with respect to the stars upon which ho made his observations, 
that -the component objects in each case were nearly equal in apparent 
magnitude, v^dience it might be presumed that they were equally distant 
from the earth. # The absence of an indication of change in tlieir relative 
positions did not, therefore, necessarily im 2 )ly the non-existence of a sen¬ 
sible parallax. 

The parallax of the fixed stars was one of the earliest subjects wliich 
engaged the attention of Sir William ITerschelll. lie did not fail to 
perceive the many poeculiar advantages which the method of Galileo' 
offered, and, with a view to its practical appalication, he selected a great 
number of double stars, which, in consequence of the inequality of the 
component members, in every case appeared to bo "well adapted for that 
purpose. His labours on this occasion are memorable in the history of 
astronomy, on account of their having been instrumental in enabling him 
to establish the existence of a pDhysical connexion between the bodies com¬ 
posing Double Stars. 

About the beginning of the present century, the celebrated Piazzi 
endeavoured to ascertain the parallax of some of the principal stars by 
means of their declinations, as observed with the famous altitude and 


* Phil. Trans., 1728, p. 637. 
t Cosmotheoros, p. 134. 

II Phil. Trans., 1792, p. 82, et seq. 


t Birch, Hist. Roy. Soc., vol iii. p. 225. 

§ Astronoxny, vol. i., p. 322, Canib. 1742, 
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azimutli instrument of Ramsden, From such data he determined the 
parallax of Sirius to be and that of Procyon to be 3'^ The researches 
of subsequent astronomers have not confirmed these results ; indeed, 
there "was very little confidence reposed in them even at the time of 
their first announcement. The same may be said respecting the contem¬ 
poraneous labours of Oalandrelli, the countryman of Piazzi, who, from 
observations of a. Lyrm at Rome, deduced a parallax of 

A few years afterwards Dr. Brinkley undertook a series of observa¬ 
tions of several of the principal stars, with the view of detecting the 
existence of a sensible parallax in some of them. His researches were 
founded on the declinations of the stars, as determined by him at the 
Observatory of Dublin, with a magnificent altitude and azimuth circle, 
eight feet in diameter, designed by Ramsden, and partially executed by 
that famous artist. The results at which he finally arrived seemed to 
indicate that some of the principal stars really possessed a parallax 
amounting to a few seconds of space, hut their accuracy was disputed 
by Pond, the Astronomer Royal, "who was unable to deduce analogous 
results from the observations with the mural circle, recently erected at 
Greenwich. A controversy thereupon arose between the two astronomers, 
which was maintained for several years with great vigour and ability on 
both sides, hut which finally terminated, leaving the question at issue still 
■ undecided. It is now well ascertained that Pond was right in his coiiolu- 
sioiis, but it must he admitted, on the other hand, that the anomalous 
results obtained by his opponent have not been satisfactorily accounted 
for. This celebrated controversy, if it did not lead to the object originally 
contemplated by Brinkley, was not unproductive of advantages of great 
importance, in so far as the ultimate accomplishment of that object was 
concerned; since it had the effect of placing in a vastly clearer light than 
hitherto, the influence of the various disturbing causes which go to com¬ 
plicate the observations of astronomers, and which completely efface the 
delicate variations arising from the parallax of the fixed stars, unless 
rigorously taken into account^. 

During the interval included between the years 1818 and 1821, M. 
Struve made a series of observations of circumpolar stars at Dorpat, 
with the view of detecting a sensible parallax in some of them. His 
method consisted in observing the stars by pairs, selecting those which 
were nearly opposite in right ascension, so that the superior poassage of 
one of the stars took place almost simultaneously with the inferior pas¬ 
sage of the other; and the evidence of parallax was sought for, by com¬ 
paring the differences of the right ascensions of the two stars as determined 
at various times throughout the year- The researches of M. Struve 
seemed to indicate the existence of a sensible parallax in several in¬ 
stances, but the results were in all cases so insignificant, and consequently 
the probability was so much the stronger of their being produced by 
disturbing causes, whose influence had not been taken into account, that, 
notwithstanding the acknowledged reputation of the astronomer to whom 
they were due, they did not generally command the confidence of the 
scientific world. 

In the year 1835 M. Struve commenced a series of observations with 
the view of detecting the parallax of the bright star a Dyrse. The 
method pursued by him on this occasion, consisted in measuring with 

subject of this controversy, the Transactions for 1810- 

17-18-21-28--24; also vols. aai. and xiv- of the Transactions of the Roval Irish 
Academy. ^ 
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£i micrometer the distance between tlie star and another very small star, 
situate about 43" from it, repeating the operation at different seasons 
throughout the year. The result of this enquiry went to assign a parallax 
of 0".S61 to the brighter of the two stars. 

Shortly afterwards, the existence of an annual variation of sensible 
amount in the apjparent position of a star, depending on the motion of 
the earth in her orbit, was established beyond all doubt, in two instances, 
by the.independent labours of two contemporary astronomers. The stars, 
whose absolute distances have been thus ascertained, are 61 Cygni and 
a Centauri, the parallax of the former having been determined hy Bessel, 
and that of the latter by the late Professor Henderson, of Edinburgh. It 
is impossible, within the limits to which we are confined, to do anything 
else than merely bestow a passing glance on the important research.es 
of these astronomers on this occasion. 

The star 61 Oygni, besides being double, is remarkable for an unusually 
lai'ge proper motion. It appears, in fact, from the observations of astro¬ 
nomers, to be transported through space with am annual motion, of rather 
more than 5" of arc. This circumstance induced Bessel to suspect that 
its parallax must be very considerable, and he resolved accordingly to 
ascertain its amount. He chose for this purpose two very small stars, 
one at the distance of 11T8 from the centre of the line joining the two 
component member's of 61 Oygni, and the other at the distance of ’7''.7 
from the same point; and the establishment of the parallax of the star 
depended on. the detection of an annual variation of these distances, as 
determined by observation at different seasons of the year. The distances 
were ascertained by means of a magnificent heliometer, which Fraun¬ 
hofer, of Munich, had recently executed for the Observatory of Kduigs- 
berg, and which, from tbe x^i'i^ciple of its construction, was eminently 
adapted for micrometric measurements on so large a scale. The observa¬ 
tions were commenced in the month of October, 1837, and were continued 
till March, 1840. By a subsequent discussion of them, in which every 
imaginable cause of disturbance was taken into careful coiisidei’ation, and. 
its effect rigorously calculated, Bessel arrived at the final conclusion that 
the parallax of the star amounts to 0".3483. This result has received a 
complete confirmation from the recent researches of M. Peters, who, from 
a series of zenith distances of the star, determined at the Observatory of 
Pulkowa during the years 184S—3, has found its parallax to be equal to 
0"349. 

It has been mentioned, that the other astronomer who succeeded in 
establishing by unequivocal evidence the existence of a sensible parallax 
in one of the fixed stars, was the late Professor Henderson, of Edinbux'gh. 
The double star, cc Oentauri, wdiich was the object of his researches on 
that occasion, is one of the brightest sidereal objects in the southern he¬ 
misphere. His investigation was founded on the zenith distances of the 
star as observed by himself at the Cape of G-ood Hope, with a mural 
circle, during the years 1832-3. These observations were made with the 
view of establishing the mean declination of the star. It was only from 
a consideration of the large proper motion of the star, which amounts 
annually to 3'''.6 of arc, that he was induced several years afterwards to 
institute an enquiry into its parallax. The result at which he anuved 
confirmed his previous suspicion, the star having been found by him to 
have a parallax of 1".16. The researches of Mr. Maclear, the successor 
of Henderson at the Cape of G-ood Hope, have completely verified the 
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existence of a sensible parallax in the star, tlie final result obtained by him 
being only a small fraction less than that deduced by Henderson. Prom 
observations made at the Cape, during the years 1839—40, HVCr. Maclear de¬ 
termined the parallax of the star to be 0''''.91ji8, and from still more recent 
observations, extending down to 1848, he has found it to be 0'''.9187. The 
latter may be considered as the definitive value of the parallax of the star. 

The parallax of a Oentauri, as determined by the researches of Mr. 
Maclear, assigns to the star a distance from the earth which may be said 
to amount, in round numbers, to SO billions of miles. The successive 
propagation of light supplies the only means of forming anything like an 
adequate conception of this immense distance. ISTovv light traverses space 
at the rate of 193,000 miles in a second of time, and consequently the 
distance traversed in a year would extend to 6.059 billions of miles. 
Hence it follows, that notwithstanding the amazing velocity of this agent, 
it would require about three years and a quarter to pass from a Oentauri 
to the earth. The distance of 61 Oygni is about 60 billions of miles; 
consequently the light of that star does not reach the earth in less than 
ten years after its emission I 

Knowing the parallaxes of 61 Oygni and oc. Oentauri, and also their 
apparent proper motions, it is hence easy to deduce the absolute amount 
of space through which each of these stars is transported in the course of a 
year. Thus, in the case of 61 Oygni, which has an annual proper motion 
of about 5'''', since the radius of the terrestrial orbit subtends only an angle 
of 0''.848 when viewed at the distance of the star, it follows, that the 
space through which the star is annually transported in virtue of its 
proper motion, exceeds the radius of the terrestrial orbit in the proportion 
of 5" to 0'^.348. Now the radius of the terrestrial orbit may he esti¬ 
mated, in round numbers, at 95 millions of miles. Hence it may be ascer¬ 
tained, by a sinip)le process of arithmetic, that the star, 61 Oygni, whose 
proper motion can only be established by observations of the most delicate 
kind, and which in consequence was long regarded as a Jicced star, is 
continually transported through space at the annual rate of 1333 millions 
of miles! In the same way it may be shewn, that the linear space 
through which ce. Gentanri is transported in the course of a year, amounts 
to no less than 371 millions of miles. It is manifest, from these 
numbers, that the Jixecl, can no longer he regarded as an aj)pro- 

priate designation of any class of the celestial bodies. 

Allusion has been made to AI. Struve’s investigation of the parallax of 
a lijrae. The more recent researches of Af. Peters, tend to prove that 
the star has a sensible parallax, although the result is considerably less 
than the parallax previously assigned to the star by M. Struve. As¬ 
suming the latter to be the true value, as being determined by a more 
trustworthy method than that founded on observations of the zeiiith 
distance of the star, which formed the groundwork of M. Peters’ re¬ 
searches, we may, by comhining it with the light of the star as ascertained 
by the experiments of Wollaston, arrive at an. evaluation of the absolute 
magnitude of the star. To this end it may be remarked that the parallax 
, arrived at by M. Struve, supposes the distance of a. Lyrse from 
the earth to exceed the distance of the sun from the earth in the propor¬ 
tion of about 800,000 to 1. Now if the sun was transported to this distance, 
it would follow, from the diminution of light according to the reciprocal 
of the square of the distance, that the actual light of the sun would ex¬ 
ceed the light he would then emit, in the proportion of 640,000 millions 
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to 1. But ‘Wollaston found that the actual light of the sun exceeded the 
light of « Lyrse, only in the proportion of 180,000 millions to 1. It 
follows, therefore, that the light of oe. Xiyrse would exceed that of the sun. 
placed at the same distance, in the proportion of 64 to 18, or, in other 
■words, the light of a, Lyrse is equal to that afforded by 3.5 suns. 

In addition to the parallaxes of 61 Cyg'ni and a Byree,iM. Peters has in¬ 
vestigated those of several other stars. The groundwork of his researches 
in all these instances consisted of a series of apparent zenith distances 
of the stars determined at the Observatory of Pulkowa, ■with the great 
vertical circle by Ertel, during the years 1842—3. The results have been 
employed by him in establishing the mean value of the parallax of a star 
of the second magnitude, "which he finds to amount to 0‘'‘'.116. Hence it 
may be readily inferred that the light from one of such stars would not 
reach the earth in less than 28 years. Combining the result at which 
he had arrived relative to the mean parallax of a star of the second mag¬ 
nitude, with the relative distances of the stars of successive magnitudes, 
as determined by M. Struve, in his E.t'Lides d'Astronomie Btellaire^ M. 
Peters was enabled to estimate the parallaxes of the stars of the various 
orders, frocn the stars of the first magnitude down to the smallest stars 
visible in the 20-feet reflecting telescope of Herschel. In this manner 
he found that the distance of the smallest stars visible to the naked eye 
is such, that the light emitted by them does not reach the earth in less 
than 138 years. He also found that the light from, one of the smallest 
stars visible in the 20-feet reflecting telescope of Herschel, occupied 
3541 years in traversing the distance between the star and the earth! 
These results can of course only be regarded as provisional, until obser¬ 
vations of sufficient delicacy be amassed, which shall form the groundwork 
of a more rigorous investigation of the subject ; but, being founded upon 
principles which present a strict accordance with analogy, they cannot fail 
to prove highly interesting and suggestive to the reflecting mind. 

Although it "was long generally supposed that the stars are absolutely 
immoveable with respect to each other, there were occasionally indi¬ 
viduals of an original turn of mind who refused their assent to a prin¬ 
ciple which formed so striking an anomaly to all the other arrangements 
of nature, and who ventured to suggest the probability of a motiori of the 
stars, inter se, before the observations of astronomers acquired a suf¬ 
ficient degree of precision to indicate even the slightest trace of its 
real existence. Among these may be mentioned Jordano Bruno, an 
Italian philosopher of the sixteenth century, whose abjuration of the 
Bomish faith, and vigorous exposure of the fallacies of the Aristotelian 
physics, the adherents of which were closely leagued with the Church in 
repressing all rational enquiry, unfortunately led to the forfeiture of his 
life. This daring, although somewhat eccentric individual, believed that 
the stars are all equal to the sun in magnitude and splendour; and that 
the universe is peopled with an innumerable multitude of such bodies. 
He maintained that we are not -warranted in suj)posing that they are all 
fixed with respect to each other, since their distance from the earth is so 
immense, that it would be difficult to estimate their motions ; and he 
remarked, that it could only be decided after a long course of observation, 
whether the stars revolved round each other, or what other motions they 
might have^. Hooke, whose genins threw a gleam of light on every 

* Jordano Bruno was born about the middle of the sixteenth century, at I^ole, ia 
the kingdom of Naples. In early life be entered the order of Dominicans ; but having 
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siibject of physics wliich. engaged his attention, did not fail to perceive 
the improbability of the stars being absolutely fixed with respect to each, 
other, and he suggested that not only these bodies, but the whole solar 
system might he in a state of continual inotion’i'. 

The first person who suspected, from observation, that the stars have a 
proper motion, was the celebrated Edmund Halley. His remarks on the 
subject are contained in a paper which is inserted in the Philosophical 
Transactions for 1718. Ey comparing the observations of the earlier 
astronomers of the Alexandrian school with those of more recent times, 
he was led to conjecture that the stai’s Aldebaran, Arc turns and Sirius 
were advancing slowly towards the south. In 1738 J. Cassini commu¬ 
nicated a memoir on the same subject to the Academy of Sciences, which 
served to confirm the justness of Halley’s surmise. By comparing the 
observations of Arcturus made by Bicher, at Cayenne, in 1672, with 
similar ohservations executed in his own time at Paris, he found that the 
latitude of the star had undergone a sensible change during the included 
interval. It was still uncertain, however, whether this proceeded from a 
displacement of the ecliptic, or from an actual change in the^ position of 
the star. J. Cassini demonstrated, by the most conclusive evidence, that 
the phenomenon was attributable to the latter cause. He found, in fact, 
that while Arcturus had shifted to the extent of 6' in latitude since the 
time of Tycho Brahe, the star n Bootes, situate in its vicinity, did not 
exhibit any sensible displacement. Now the change of latitude ought to 
have been sensibly the same for both stars if it had arisen from a dis¬ 
placement of the ecliptic. It w'as therefore manifestly due to an altera¬ 
tion in the position of Arcturus with respect to the other stars f. 

Bradley, in the paper containing the account of his discovery of the 
nutation of the earth’s axis, inserted in the Philosophical Transactions for 
1748, has remarked, that the apparent motions of the stars may arise 
either from a motion of the solar system in space, or from a real change 
in the positions of the stars themselves; hut he considered that many 
ages would elapse before it would be possible to arrive at a definitive con¬ 
clusion on the subject. 

The motion of the solar system in space formed part of the cosmical 
system of Thomas Widght, pro2:)ounded by him in his “ Theory of the 

become disgusted with the corrupt morals of his brother monks, he soon afterwards 
retired from the cloister. About the year 3580 he repaired to Geneva, where he abjured 
the Romish faith, and embraced the doctrines of Calvin. It does not appear, however, 
that he wras a steadfast adherent to the principles of his new creed. From Geneva he 
passed into France, and afterwards visited England and Germany. During his residence 
in these countries he distinguished himself by the originality of his ideas on different 
subjects of philosophy, and by his merciless exposure of the absurdities of the school¬ 
men. Being naturally desirous of revisiting his native country, he proceeded to Venice 
in 1598; but he had no sooner arrived in that city than he was arrested, and sent as a 
prisoner to Rome. Here he was detained for two years in the dungeons of the Inqui¬ 
sition, without being brought to trial. At length, on the 9th of February, 1600, he was 
condemned to die the death of a heretic and infidel. It is said, that when his sentence 
was read to him, he replied to his judges in the following terms ;—“ This sentence, pro¬ 
nounced in the name of a God of mercy, terrifies you more than it does me.” In pur¬ 
suance of the sentence, the unfortunate man was carried to the place of execution on 
the 17th of the same month, and forthwith committed to the flames. There is reason to 
suspect that, as in the more lenient case of Galileo, the baSBed Aristotelians had some 
^mplicity with the Romish Church in the perpetration of this atrocious crime. Jordano 
Bruno was the author of a great number of works on philosophy, all of which display 
great boldness and originality of thought. 

* P<^thumous Works, p. 506. 

f Mem, Acad, des Sciences, 1738, p. 337. 
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Universe,” publislied in 1750 He supposes that the sun, with his 
cortege of planets, as well as all the stars of the firmament, are in 
continual motion. We shall have again occasion to refer to the specula¬ 
tions of this individual. * 

Mayer was the first astronomer who endeavoured to deduce some defi¬ 
nite result from an examination of the proper motions of the stars. 
His researches on the subject are contained in a memoir which he com¬ 
municated to the Academy of Sciences of G-ottingen, in 1760, and which 
w'as subsequently inserted in vol. i. of his Opera Tnedi'fa,” puhlisbed 
in 1771. They were based upon the proper motions of SO stars, deter¬ 
mined by a comparison of the observations of Roemer, in 1706, with 
corresponding observations of his own and Uacaille’i^, in 1760 and 1 7od. 
He remarked, that if the solar system was advancing towards any deter¬ 
minate part of the celestial sphere, it would necessarily follow that tlia 
stars in that region would appear to he gradually approaching together, 
whereas in the opposite region they would seem to be withdrawing more 
and more apart from each other. He arrived, however, at the conclusion, 
that the observed proper motions of the stars did not afford evidence of 
the solar system being transported through space towards any particulair 
region of the heavens. 

In 1783 Herscliel examined the same subject, and arrived at a conclu¬ 
sion diametrically opposed to that of Mayer. His investigation was 
founded, in the first instance, t:pon the proper motions of seven principal 
stars, as determined by Maskelyne. These data seemed to indicate that 
the solar system was advancing tow'ards a point in the constellation of 
Hercules, correspou-ding to about 257° of right ascension. An examina¬ 
tion of the proper motions of several of the stars contained in Mayer’s 
list tended to confirm this opinion. He arrived at the final conclusion, 
that by taking a point somewhat to the north of the star x Herculis, 
the observed proper motions would be reconciled to a great extent w-ith 
the hypothesis of a motion of the solar system in that direction. The 
point thus assigned by him was situate in 257° of right ascension and 25° 
north declination 

The same year which produced the researches of Herschel on the 
motion of the solar sj^stem in space, was also distinguished by a similar 
investigation on the part of Prevost. By a discussion of Mayer’s proper 
motions, he found that the solar system was advancing towards a point 
situate in 230° of right ascension and 25° north declination. 

The subject .of the motion of the solar system in space was subse¬ 
quently considered by. Klugel in the Berlin Epbemeris for 1789. His 
researches were founded on the proper motions contained in Mayer’s list. 
He found that the apex of the solar motion was situate in 260° of right 
ascension and 27° north declination. This result presented a very satis¬ 
factory agreement with that obtained by Hei'schel. 

In 1805 Sir W. Herschel communicated to the B-oyal Society a second 
paper on the motion of the solar sj’-stem. His researches on this occa¬ 
sion were based upon Maskelyne’s catalogue of the proper motions of 36 
stars published in 1790. He obtained for the solar apex a position whose 
right ascension was 245° 52'' 30" and north declination 49° 38''. This 
result differed considerably from that to which his porevious researches had 
conducted him. 

« An Original Theory, or Hew Hypothesis of the Universe, founded upon the Laws 
of Nature, &c., by Thomas Wright, of Durham.” 4to, London, 1730. 

Phil. Trans., 1783, p. 247, et seq^. 
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Biot, in the additions to Ms Astronomic Physique, pnhlished in 1819, 
has considered the subject of the motion of the solar system in space. 
An inTestigation, based on the proper motions of several stars, as deter^ 
mined by a comparison of the ■ observations of Bradley and Mayer with 
those of Maskelyne and Piazzi, induced him to conclude that there did 
not exist sufficient grounds for believing that the solar system is advanc¬ 
ing towards any determinate point of the heavens. The same conclusion 
was arrived at in the year 1818 by Bessel, who examined the subject'in 
the Fundamenta Astronotnice, the groundwork of his researches consisting 
of the proper motions of a considerable number of stars, determined by a 
comparison of the observations of Bradley with those of Piazzi. 

No enquirer seema to have attempted to verify or disprove the assertion 
of Bessel until Argeiander was induced to direct his attention to the sub¬ 
ject. The researches of that distinguished astronomer were published in 
the year 1837, in vol. iii. of the ‘"^IMhnoires Presentes par Fivers Savans,'^ 
of the Academy of St. Petersburg. They were based upon the proper 
motions of 390 stars, determined by a comparison of the observations of 
Bradley with those executed by himself at Abo. The result at which he 
arrived was favourable to the supposition of the motion of the solar system 
in space. ^ The following are the co-ordinates of the point towards which 
lie found it to be advancing, referred to the mean equinox of 1799:— 

Right Ascension. Declination North. 

959° 47'.6 33° 99'.5. 

This result, deduced by a method founded upon some of the most refined 
principles of mathematical investigation, presents a remarkable agree¬ 
ment with the rough determination of ELerschel in 1783. 

The next person who undertook to investigate the subject of the solar 
motion was Imndahl. His researches were based upon the proper motions 
of about 150 stars, determined by a comparison of the observations of 
Bradley with those of Pond. He obtained, for the apex of the solar 
motion, the following co-ordinates, reduced to the mean equinox of 1799: — 

Right AscensioTi. Declination North. 

959° 94'.4 14° 96M. 

This result presents a considerable discordance with most of those hitherto 
deduced. 

M. Otto Struve soon afterwards undertook the investigation of this 
interesting subject- His researches were based on the proper motions of 
about 400 stars, determmed by a comparison of their places, as observed 
by Bradley, with those deduced from the observations of M. Struve at 
Dorpat. _ The following are the co-ordinates he obtained for the apex of 
solar motion, reduced to the beginning of the year 1790:— 

Right Ascension. Declination North. 

961° 93'.1 37° 35'.7. 

By comhiiiing this result with the corresponding results arrived at by 
Argeiander and Bundahl, M. Otto Struve determined the co-ordinates of 
the point in. the celestial sp)here, towards which the sun is advancing 
to he:— 

Right Ascension. 

959° 9'.4 

for the epoch of 1799. 


Declination North. 

34° 3 6'. 5 
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Tkis may be coiisidered as tlie definitive position of the apex of solar 
motion, deducible from the proper motions of stars in the northern hemi¬ 
sphere, as hitherto determined- A remarkahle confirmation of its accu¬ 
racy has been recently afforded by the researches of Mr. G-alloway on the 
same subject, founded on the observations of stars in the sontliern hemi¬ 
sphere The data which formed the groundwork of Mr. Galloway’s 
investigation, consisted of the proper motions of 81 stars, determined by 
a comparison of their places, as assigned by Tacaille, about the middle of 
the eighteenth century, with those deducible from the modern observa¬ 
tions of Johnson and Henderson. The following are the values of the 
co-ordinates which he obtained for the apex of solar motion, the epoch of 
the mean eq^uinox being the beginning of 1790 :— 

, Right Ascension. Declination North. 

S59° 46'.S 33° 39'.6. 

Mr. Main, of the E,oyal Observatory, Greenwich, has recently commu¬ 
nicated to the Astronomical Society a paper on the proper motions of 
875 stars, which may be considered as establishing, bey'ond all doubt, the 
general accuracy of the various investigations above referred tof. 

The researches of M. Otto Struve have conducted him to a deter¬ 
mination of the actual velocity with which the solai’ system is heii^g trans¬ 
ported through space. Having found that the space traversed hy the sun 
in a year would subtend an arc equal to 0''''.3393, if viewed at the mean 
distance of stars of the first magnitude, and having, moreover, ascer¬ 
tained that the mean parallax of the stars of the latter class amounted to 
O^‘'.S09, he was enabled hence to conclude that the space through which 
the solar system annually moves, exceeds the radius of the terrestrial 
orbit in the proportion of 0^‘'.3393 to 0'''.309. In this manner he found 
that the absolute space traversed by the solar system in the course of a 
year amounts to 1.633 radii of- the terrestrial orbit, which is equivalent to 
154 millions of miles. Comparing this result with the corresponding 
results obtained for 61 Cygni, and os, Centauiri, we have— 

The sun . . . . . 154 millions of miles, 

os Centauri .. . , .371 „ ,, 

61 Gygni . . . . . 1333 ,, ,, 

These numbers are fairly comparable with each other, and are very 
interesting on account of the analogy w^hich they exhibit as existing 
between the sun and the stars- 

The elder S&uve has thus summed up the results to w'hich the three 
astronomers, MM. Argelander, O. Struve, and Peters have been conducted 
by their researches in stellar astronomy:— The motion of the solar 
system in sjpaoe is directed to a foint in the celestial sjjhej-e, situate on the 
right line, which joins the two stars of the third magnitude, rr and ^ Her- 
culis, at a quarter of the aj^^arent distance between these stars, measured 
from TT Herculis. The velocity of this motion is such, that the sii?z, ivith 
the whole cortege of bodies dejoending on him, advances annually in the 
direction indicated, through a space equal to 1.623 radii of the terrestrial 
orbit, or 164 millions of milesT% 

Although the recent researches of astronomers have thus fully esta¬ 
blished that the sun, and his attendant planets, are at present advancing 

• Phil. Tratis., 1847, p. 79, et seq. 

•f- Mem. Ast. Soe., vol. xix., p. 121, et seq. 

$ **fitudes d’Astronomie Stellaire,” p. 108. 
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to\Yards a deteiminate point in the heavens, it would be inconsistent with 
analogy to suppose that the motion will always be directed towards the 
same point. From a consideration of all the other celestial movements 
that have been hitherto recognised by astronomers, it is impossible to 
avoid the conclusion that the path traced out by the sun is in reality cur- 
■vilinear. But, indeed, motion in a right line would be utterly incom¬ 
patible with the principle of gravitation, as established by Newton, between 
the different parts of the material universe. It can hardly be doubted, 
therefore, that the apex of solar motion is slowly shifting its jDosition in. 
the celestial sphere, and that it will eventually exhibit a sensible displace¬ 
ment. It is not improbable that by thus tracing out the path of the solar 
apex in the heavens, the actual path of the snn in absolute space may be 
one day determined. This would, indeed, be a magnificent triumph of 
inductive science; but a countless series of ages may, perhaps, elapse 
before its achievement will be I'ealised. 

Gruided, also, by the analogy of the planets and satellites revolving 
round their respective primaries, several enquirer’s into the cosmical struc¬ 
ture of the heavens have come to the conclusion, that the whole solar 
system is revolving round some central body. This principle formed part 
of the system of Wright, as expounded in his remarkable work on the 
“Theory of the Universe,” to which allusion has already been made. It 
was also maintained by his successors, Kant, Lambert, and Michell. Sir 
William Herschel has cautiously abstained from, .expressing a decided 
opinion upon this point. In more recent times M*. Madler has made the 
hypothesis of a cezitral sun the groundwork of some very remarkable 
speculations. His final conclusion is, that the Pleiades may be regarded 
as the central group of the stars composing the system of the milky way, 
and that the bright star of that group, Alcyone, is the central body, round 
which they are all revolving. It is manifest that all such speculations 
are far in advance of practical astronomy, and therefore they must be 
regarded as premature, however probable may be tbe suppositions on 
which they are based, or however skilfully they may he connected with 
tbe actual observations of astronomers. 

"When astronomical observations came to be made with telescopes pos¬ 
sessing a considerable degree of optical power, it was found tbat several 
stars, which to the naked eye appeared single, consisted in reality of two 
stars, so very near to each other that they sev^erally failed to produce an 
impression of their individuality upon the unaided organ of vision. As 
eai'ly as the middle of the seventeenth century, Hiccioli remarked tbat 
the star in the middle of the tail of the Great Bear Ursoe Majoris), 
■when observed with the telescope, was found to exhibit the appearance of 
two distinct stars in close juxtaposition A few years afterwards a 
similar remark was made by Hooke with i-espect to the double star y 
Arietisf. Several other stars, such as a Geminorum or Castor, y'Sf’ix- 
ginis, &e., were also found to be double, about the beginning of the seven¬ 
teenth century. The star Q Orionis, in the middle of the great nebula, 
discovered by Huyghens in 1656, even presented the appearance of three 
distinct stars in close proximity to each other. 

Occasional discoveries of double stars continued to be made throughout 
the eighteentlr century ; but these objects cannot be said to have excited 

* Almag. Nov., tom. i., parti., p- 422. 

Attempt to prove the Motion of the Earth,” p. 7 (1674}. 
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a general interest among astronomers until Sir William Hei’schel directed 
Ms attention to them. In the year 17T9, that illustrious astronomer 
undertook an extensive examination of the heavens with a view to the 
discovery of double stars, hoping that he might be enabled in some in¬ 
stances to establish an annual change in the relative positions of the two 
component members, which might indicate the existence of a sensible 
parallax. In 1789 he exhibited the first fruits of his labours by commu¬ 
nicating to the Royal Society a paper containing the places of 969 double 
stars, together with the distances of the component members, and also 
their angles of position corresponding to a given epoch. Of the stars 
contained in. this catalogue there were 997 which had not hitherto been 
recognized' as double by any observer^. In 1785 Herschel commu¬ 
nicated to the Royal Society a second catalogue of double stars, contaiuing 
434 more of such interesting objects f, 

Michell appears to have been the first person who suggested that the 
Close proximity of the constituent members of double stars was owing 
to some physical connexion existing between them. In a remarkable 
paper, which he communicated, to the Royal Society, he presented this 
view of the subject in a very strong light, by an application of the doc¬ 
trine of probabilities to the theory of the distribution of the stars in the 
celestial sphere a subsequent communication, which appears in the 

Fhiloso 2 )hical Transactions for 1784, he expressed his hrm conviction that 
the double and triple stars discovered by Herschel were so,many systems 
of stars, so .near to each other as to be liable to be affected by them 
mutual gravitation; and he considered it as not .unlikely that the periods 
of the revolutions of some of these about their principals might some 
time or other be discovered §. 

If double stars formed in reality independent systems, maintained 
under the influence of the principle of gravitation, it ^vould follow as a 
necessary consequence, that the constituent members of each system 
would be subject to a constant change of relative position from their revo¬ 
lution round their common centre of gravity. It is wmrthy of remark, 
however, that there is another fact connected with donhle stars which, 
when established by observation, affords equally unequivocal evidence of 
the physical connexion of the constituent members. If among those 
double stars which have a sensible proper motion, it be found in any 
instance that both stars are transported with the same apparent ve¬ 
locity, w’-e have just grounds for believing that a plq’-sical relation exists 
between them. Such a fact had been noticed towards the close of the 
eighteenth century, but, strange to say, the astronomer who directed at¬ 
tention to it, did not pei'ceive the legitimate conclusion which was deducible 
from it. The bright star Castor, besides being double, is, moreover, re¬ 
markable for a sensible proper motion, which amounts to about 0^''.! 5 of 
space every year. Row, Hr. Hornsby remarked, in the year 1798, that 
notwithstanding the large proper motion of this star, the mutual distance 
of the two constituent members did not seem to have undergone any 
change during a period of twenty years embraced by his observations. 
The only conclusion which he drew from this remarkable fact was, that 
both stars were moving with the same velocity and in the same direction [j. 

* Phil. Trans., 1782, p. 112, et seq. -f Ibid., 1785, p. 40, et seq. 

^ Ibid., 1707, p. 234, et seq. § Ibid., 1784, p. 36, et seq. 

II “Bradley’s Observatious,” voL i., Preface, p. xxiii,, Oxford, 1798. 
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The glory of establishing the physical theory of Double Stars npc 
the solid basis of observation and sound reasoning was reserved for S 
■William Herschel. The results of his researches on this occasion a 
contained in two papers communicated by him to the Eoyal Societ 
which are inserted in the Fhiloso 2 :>hical Transactio7xs of that Ibody for tl 
years 1803 and 3 804 *. By a comparison of his earlier observations 
a great number of double stars, with corresponding observations ruai 
after an interval of about twenty years had elapsed, he found that 
m an y instances the relative positions of the constituent bodies hi 
undergone a sensible change. He demonstrated by incontrovertible i-e 
soning, that all those double stars, which afforded evidence of such 
change of relative position in the constituent members, formed so mai 
independent systems of bodies revolving under the influence of the 
mutual attraction around their common centre of gravity. He even cf 
lied his researches so far as to assign the periods of revolution of sevei 
of these Binary Systems. Thus to Castor he assigned a period of 3- 
years, to ^ Serpentis, a period of 875 years, and to y Leonis, a peri 
of 1SOO years. These numbers were of course assigned merely as rou 
approximations to the tru,e periods of revolution. 

The last contribution of Sir William Herschel, on the subject 
Double Stars, was a paper which he communicated to the Astronomi< 
Society upon the occasion of its establishment in the year 18SO. It co 
tains the places of 145 double stars, with their distances and angles 
position at ceidain epochs. The observations which form the groundwc 
of this catalogue appear to have been all anterior to the year 1802. 

In 1824 fresh interest was awakened in the subject of Double Stars 
the communication of a paper to the Royal Society' on the part of i 
John Herschel and Sir James South, containing the results of their jo: 
labours in this field of enquiry. This paper contained micrometrii 
measures of 380 double and triple stars,- carefully observed wuth a 7-fi 
equatorial. A comparison of these measures with the earlier obs 
vations of Sir William Herschel, afforded in many instances an intere 
ing confirmation of the result arrived at by that astronomer relative 
the physical connexion of the constituent members of double stars. C 
of the objects composing the double star, jj Corona, had accomplishec 
complete circuit round its primary, and was already well advanced i; 
second revolution. The star r Serpentarii, which Sir William HCersc 
in his first catalogue communicated to the Royal Society had stated to 
double, no longer exhibited the slightest trace of duplicity—one of : 
constituent stars having been now exactly projected upon the. other 
virtue of its relative motion. On the other band, ^ Orionis, which 
William Herschel had marked as a single star, was now recognised to 
double even in telescopes of moderate powerf. 

In 1826 Sir James Soxith communicated to the Royal Society a pa' 
containing micrometrical measures of 458 double stars executed sol 
by himself. The results of Sir John Herschel’s subsequent labours 
the same field, exclusive of his more recent observations in the south 
hemisphere, are contained in a series of papers communicated by him 
different times to the Astronomical Society. The stars whose duplic 
was recognised by him on this occasion, amount in number to 3847, be: 

* Phil. Trans., 1803, p- 339, et seq. ; 1804, p. 353, et seq. 

t Annuaire, 1834. 
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sucli as he happened to meot with, wliile engaged in. an extensiYO survey 
of the nebular contents of the heavens with a 20-feet reflector. The 
original observations were transmitted to the Society in six successive 
catalogues; but as they were considered by their author to be subordinate 
to the main object of his labours, they did not possess any pretension to 
extreme accuracy. He, however, communicated to the Society two papers 
containing micrometrical measures of a considerable number of double 
stars, carefulljT-determined with a 7-feet eipuatorial 

No astronomer of the present day has contributed in -so liigh a degree 
to the advancement of the subject of Double Stars as the illustrious M. 
Struve. His labours in this interesting field of astronomical enquiry 
were commenced in the year 1813, upon Ms being appointed Director of 
the Observatory of Dorpat. He continued to prosecute them with more or 
less assiduity till the year 1824b, when, having obtained possession of a 
magnificent refi'actor of 9.9 mches aperture, executed by hrauiihofer, he 
conceived the design of examining with it all the stars down to the 
eighth magnitude, situate between the north pole and 15° of south decli¬ 
nation. This design was followed up by him with admirable perseverance 
during many years In 1837, he finally j)ublished the results of his 
labours in a large folio volume §. It contains inicrometiical measures of 
the distances and angles of position as well as tho approximate places of 
3112 double stars, as determined between the years 1824 and .1836, 
besides the results of his earlier labours on the same subject, extending 
from 1813 to 1824. 

While M. Struve was engaged in his extensive mid’oruetric measui'e- 
ments of double stars, an important advance was made in the theory of 
the movements of bodies of this class. The growing evidence of a 
physical connexion between the constituent members of double stars, 
which was afforded in many instances by a comparison of tho more recent 
with the earlier observations of astronomers, suggested tlie possibility of 
-fdedacing from observation the elenuents of the ellip)tic orbit, in wliicli it 
was presumed that tlie one star revolved around tiro otlior. Ilesearches 
undertaken rvitli a view to elTect this object wore attended witlr complete 
success. To M. 8avary is duo tl)c lionour of liaviiig first demonstrated 
that tlie elements of the orbit of a double star might be derived from a 
determinate number of the observed distances and angles of position of 
the star. In the Cojvnaissance des Temq^s for 3 830, he has explained a 
method invented by him for the attainment of this end, and has exhibited 
a proof of its practical utility by omplojirig it in calculating the elements 
of the orbit of the double star ? Ursce Majoris. M- Encke shortly after¬ 
wards assigned a method of liis own, by means of wliich he computed the 


* Mem. Ast. Soc., vols. v., viii. 

-)• In 1822, he published a catalogue of 795 double stars which had passed under his 
examination since the cominoncement of his labours at Dorpat. 

j: In 1827, he published a catjilogue of about 3000 double stars, vvliich he detected 
during the first two years of his labours, with the great refractor. In the course 
of his survey on that occasion he examined no fewer than 120,000 stars! Tho objects 
of this catalogue were chielly those of which he published the micromotric measures in 


§ “ Stcllavum DuY>liciuni, &c-, Mensnvao Micrometrical iicr niagnuni Fraunlioferi 
tubum, 1824-87, specula Oorpatensi institutse; adjecta, Synopsis Observationuin do 
Stellis Conipositis, 1814-24, per minora instruraenta,” folio, Petrop, 1837. Ivi 1845>, M. 
Struve published a catalogue of 514 double and muUiide stars discovered at Pulkowa 
with the great refractor of 14.9 inches apertiu'e. 
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elements of the orbit of the double star 70 Ophiuclii. A third method, 
totally different from either of the two others just mentioned, was irr- 
wented about the same time by Sir John Herschel>i«. 

The elements of a considerable number of double stars have been cal¬ 
culated by one or other of the methods above referred to, and an elliptio 
orbit has thus, in each instance, been deduced, in the focus of which tlio 
primary star is supposed to be situate. The place of the revolving stax* 
has then been computed in a great many different positions of its orbit, 
upon the supposition that the motion is regulated by a force tending con¬ 
stantly to the focus, and the results have been compared with the cor¬ 
responding places assigned hy observation. The observed and computecL 
places of the star have thus been found in general to agree within tb.o 
limits assigned by the probable errors of observation. We are therefor*o 
warranted in concluding that the principle of gravitation, as announce d. 
by hfewton, extends to systems of bodies placed at an almost inconceivable 
distance from the earth, and that by its controlling agency those systern'iS 
are perpetually upheld. This may be justly asserted to be one of tlxe 
most sublime truths which Astronomical Science has hitherto disclosed "bo 
the researches of the human mind. 

Isfo mention has hitherto been made of observations of double stars in 
the southern hemisphere. A considerable stock of such observations has, 
however, been already amassed. In 18‘28, Mr. Dunlop communicated bo 
the Astronomical Society a catalogue of 953 double stars observed 
iiim at Paramatta, in New South Wales. When Sir John Herschel wns 
engaged at the Cape of Good Hope, in examining the nebulas of 
southern hemisphere with his 20-feet reflector, he did not fail to mal^e 
observations of such double stars as he happened to meet with. Tlao 
number of such objects which he thus detected in the course of lx is 
sweeps amounted to 9095. Accurate micrometrical measures were also 
made by him with his 7-feet equatorial. 

With respect to those stars which have been discovered by astronomexs* 
to be double, many are doubtless merely optically so, their apparoxnt 
proximity arising from the circumstance of their being situate nearly ixi 
the same line of vision. It is only in those cases w^herein a change ita 
the relative position of the two stars has been established by a comparison 
of observations made at different times, that we are enabled definitively 
to infer tlie existence of a pohysical connexion. It is to be vemarkieci, 
however, that the lapse of time is constantly unfolding indications of 
such changes, and is thereby leading to a continual increase of blae 
number of stars recognised as physically double. Stellar objects of tlais 
class have been distinguished from stars that are merely optically doulole 
by the appellation of JBiiianj Systems. 

The subject of Double Stars has engaged the attention of several asfci'o- 
nomers of recent times, besides those to whose labours allusion has j xTSt 
been made- In this country, Captain Smyth, D.N., and the P»,ev. IVTr. 
Dawes, have especially distinguished themselves by their exquisite obser¬ 
vations connected with this department of sidereal astronomy. 'X71ie 
Tedford Catalogue, executed by Gapt. Smyth, and inserted in vol. ii. of 
his “ Cycle of Celestial Objects,” contains the results of observations of 
the most interesting double and multijple stars, of which the primax'ies 
are in Piazzi’s catalogue. It comprises 580 double stars, 90 binary 
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systems, and 80 triple and multiple starsThe micrometrio measures 
of these ebjects were executed by Oapt. Smyth, at a private observatory 
wliich he erected at Bedford. This is one of several instances in which 
we have had occasion to allnde to the labours of oflicers in the naval and 
military service of this country, who have adorned their profession by an 
enthnsiaatic devotion to scientific pni’suits. The results of Mr. ^Dawes’ 
micrometrio measurements of double stars are contained in several import¬ 
ant papers communicated by him on various occasions to the Astronomical 
Society, and subsequently inserted in the “ Memoirs ” of that body. 

Among the astronomers of the Continent who, besides the elder Struve, 
have occupied themselves with observations of double stars, the illustrious 
Bessel is entitled to the first place- In the present day, M. Miidler hasi 
acquired just distinction by his labours in this interesting branch of astro¬ 
nomy. The theory of the subject has recently received some important 
elucidations from the researches of M. Yvon Villarceau, of Paris. 

We now proceed to notice briefly the history of the Nebulae of the 
celestial regions. Ptolemy has inserted five stars in his catalogue, which, 
on account of their hazy aspect, he distinguished by the appellation of 
Clottdy Stars. When these objects were examined with tlie telescope, they 
were found, in each instance, to consist of a cluster of stars situate so 
near to each other, that they failed to produce an imi)ression of, their dis¬ 
tinct existence upon the naked eye. In the year ICIS, however, Simon 
Marius, the German astronomer, discovered a nebulous object, which 
appeared to be of a totally different nature from any of those hitherto 
discovered. To the naked eye, indeed, it presented a dull nebulous 
aspect, like the other objects of the same class ; but w^hen examined with 
the telescope, it did not exhibit any indications of a sidereal structure. 
There were merely visible some faint rays of light, increasing in bright¬ 
ness towards the centre. The nucleus consisted of a dim light, fading 
away insensibly on all sides. Marius compared its appearance to that 
‘'presented by the flame of a candle shining at night through a transparent 
liornf. In 1056, Iluyghens discovered another nebula of this class in 
the middle of the sword of Orion- It struck its distinguislied discoverer 
with amazement, as something totally different in its nature from those 
sidereal aggregations of which nebulous objects had hitherto been found 
to consist. The aspect of the heavens around this nebulous light was 
intensely black, a circumstance which suggested to Pluyglieiis the idea of 
the phenomenon being occasioned by looking through an apoerture in the 
heavens into a luminous region beyond 

In the year 1714, Halley communicated a short pmper to the Iloyal 
Society, in which he gave an account of the various nebula) with which he 
w’as acquainted as having been hitherto recognised hy astronomers§. In 
number they amounted only to six. Two of these were the nebubo above 
mentioned. Another was situate between the head and bow of Sagit¬ 
tarius ; according to Plalley it was discovered by Abraham Ihle in 1605. 

'* The Bedford Catalogue also cornpilses monagraplis of 170 nebulso and clusters, 
which Capt. Smyth had selected for observation from Messier’s Catalogue, and from the 
papers of the two Herschels. The “ Cycle of Celo.stial Objects” was published in two 
volumes in 1844, and is justly esteemed to be one of the most instructive and delightful 
works on astronoiny in our language- 

4 Simon Marius has given an account of his discovery of this nebula in the prelace to 
his “ Mundus Jovialis,” published in 1612. 

$ Opei'a Varia, tom. ii., p. 540 (^Sj/stema Saturniu/n'). 

§ Phil. Ti'ans., 1714, p. 390, et seq. 
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A fourth was in the constellation Centaurus, and was marked by Bayer 
with the Greek letter w; it was discovered by Halley at St. Blelena, in 
'JLG77, while engaged in observing the stars of the southern hemisphere. 
A fifth preceded the right foot of Antinous’; it was discovered by Kirch 
in 1081. The sixth was discovered by Halley in 1714 ; it was situate in 
the right line joining the stars n and ^ of the constellation Blercules. 
Halley was of opinion that the light of these objects came from an 
extraordinary distance. He supposed it to be occasioned by a lucid 
medium diffused throughout the ether, and shining with its own proper 
lustre. 

If Halley bad consulted the observations of Hevelius, he would have 
been enabled to assign a more ample list of nebulos than that contained 
in his paper to the Pmyal Society. In the Philosophical Transactions for 
1733, Derbam bas enumerated sixteen nebulae, in addition to those con¬ 
tained in Halley’s paper, which he extracted from the observations of the 
asti’ouomer just cited. 

An important contribution to the existing stock of nebnlce was made 
by Lacaille. In 1755, that distinguished astronomer communicated to 
the Academy of Sciences a catalogue of 43 nebulae in. the southern 
hemisphere, observed by Mm daring his residence at the Cape of Good 
Hope^'. They were divided by him into three distinct classes, each of 
which contained an equal number of objects. The first class contained 
all those nebulae which failed to afford any indications of a sidereal struc¬ 
ture. They were assimilated by Bacaille to small patches of the Milky 
Way. The objects of the second class wei*e nebulous only in appearance, 
consisting in reality of so many congeries of stars, whose close proximity 
rendered them individually imperceptible to the naked eye. The objects 
of the third class were stars surrounded by a nebulous substance. He sup¬ 
posed that the latter were identical in structure with the nebulae of the first 
class, and that' the appearance of stars in the midst of them was merely 
accidental, arising in each case from the circumstance of the nebula and 
the star being both projected on the same region of the heavens. 

Messier was the next astronomer who hy his observations contributed 
to the enlargement of the number of recognised nebulae. His first col¬ 
lection of these objects was published in the Memoirs oj the Academy of 
Sciences for 1771. This list contained 45 nebulae and clusters of stars. 
It was subsequently inserted, with successive additions, in the volumes 
of the Connaissance des Temps for 1783 and 1784, the number of objects 
m the last instance amounting to 103. Messier did not poronounce any 
opinion respecting the nature or physical constitution of the nebulae; 
but, with the view of arriving at some conclusion on this subject, he 
recommended to future astronomers to make careful observations of them, 
in order to ascertain whether they exhibited any indications of a change 
of form or structure. 

It appears from the foregoing brief notice of the nebulae discovered by 
astronomers previous to the time of Sir William Herschel, that their 
number did riot altogether amount to one hundred and fifty. In 1786, it 
received a notable accession from the labours of that distinguished astro¬ 
nomer, who communicated to the Royal Society a catalogue of 1000 new 
nebulse and clusters of starsf. In 1789, he communicated to the same 

* M4na. Acad, des Sciences, 1755, p. 194, etseq. 

f Phil. Trans., 1786, p. 457, et seq. 



565 


HiSTOBT OF FHTSlOAli ASTBONOMY. 

Society a second catalogae, containing 1000 additional nebulae'** and 
clusters, and in 1803, a third catalogue, wliicli included 600 more of 
similar objectsf. The nehulE© and clusters in each of these catalogues 
were distributed by Herscliel into eight different classes ; but this mode 
of arrangement had reference to the convenience of the astronomer who 
might he desirous of re-examining the objects, rather than to any pecu¬ 
liarities of physical structure. In the paper containing his third cata¬ 
logue, he has enumerated the various objects of which he considered the 
fahric of the material universe to he composed. They are distributed by 
him into twelve dilferent classes. A brief notice of each of these in 
succession may serve to acquaint the reader, in some degree, with the 
ideas entertained by Herschel on the construction of the material uni¬ 
verse. . 

I. Insulated Stars.—Under this class, ETerschel comprehended all those 
stars which do not afford any indication of being resolvable into two or 
more constituent objects. Among the stars of this class are included 
Arcturus, Capella, Sirius, Canopus, and the Sun. Ee supposed each of 
these stars to he sufficiently insulated in space, not to be sensibly affected 
by the atffaction of the other bodies of the nniverse. They appeared to 
him, on this account, to be peculiarly adapted for constituting the centres 
of planetary systems. He was, in fact, inclined to suspect that the stars 
which apopear in clusters, are unattended by revolving bodies ; but that 
each star Ibrms a magnificent world by itself, fulfilling all the purposes 
of a; planetary body 

II. Binary Stars.—These are systems composed in each case of two 
stars revolving around their common centre of gravit 3 ^ 

III. Triple and Multiple Star's.—These are systems of a more com¬ 
plicated structure than those just mentioned ; hut like them are resolvable 
into a determinate number of constituent bodies. 

IV. Clustering Collections and the Milky Way.—Herschel was of 
opinion that in many instances the stars by their mutual attraction 
are gradually forming into clusters- The Milky Way, in many parts, 
appoeared to him to afford unequivocal indications of such a clustering ten¬ 
dency. We shall presently have occasion to allude to his remarkable 
speculations on the structure of the Milky Way. 

"V. Groups of Stars. — Under this class, Herschel comprehended all 
those collections of stars which do not exhibit any regularity of outline, 
nor superior condensation in any particular part: at the same time they 
appoear sufficiently insulated fr-om the stars around them, to justify the 
conclusion that they formed so many separate S 3 '-st 0 ms§. 

TI. Clusters of Star's.—These Avere justly considered hy Herschel to 
be the most magnificent objects of the heavens 1|, The^’’ are round in 

* Phil. Trans., 1789, p. 212, et seq. -f Ibid., 1802, p. 477, ct seq. 

J Ibid-i 1795, p. 69. 

§ One of the most interesting^ objects of this class is the group in the southern 
heinispliei'e, sarrounding the star » Crucis. According' to Sir .John Herschel it occupies 
an area of about l-48th part of a square degree, and consists of about 110 stars, from 
the seventh magnitude downwards, eight of the more conspicuous of which are coloured 
with various shades of red, green, and blue, so as to give to the whole the appearance of 
a rich piece of jewellery. {Jtesulls of u^st. Ohs., Sec., p^j. 17, 102 ; Outlines of jistro- 
-tioni]/, p. 597.) 

II Sir John Herschel, the highest living authority on Nebulae, states that by far tlio 
most remarkable object of this class in the heaveiis, is the globular cluster w Geutauri 
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form, and are gradually more condensed towards tlie centre, ^ These facts 
clearly point out the existence of an attractive force, binding the con¬ 
stituent bodies together, so as to form an independent system 

‘VIl. Nebulfe.—These were suspected hy Herschel to be so many col¬ 
lections of stars, reducible to one or other of the three classes last men¬ 
tioned, the nebulous aspect assumed by them being merely an illusion 
arising from the impossibility of discerning the stars individually, in con¬ 
sequence of the immense distance at which they are placed. Herschel 
calculated that the light from one of the faint nebuhe seen in his 40-feet 
telescope, must have occupied about two millions <3# years in its passage 
to the earth, although traversing space at the rate of 19^i,000 miles iu a 
second ! Well might the illustrious astronomer remark, that the tele¬ 
scope had the power of penetrating into time as well as into space. 

VIII. Stellar ISTebulEB.—These Avere supposed by Herschel to be in all 
probability clusters of stars whose light, on account of their immense dis¬ 
tance, is collected so closely into one point, that the only evidence remain¬ 
ing of their resolvability into discrete bodies, consists in the appearance 
of burs. 

IX. Milky Nebulosity.—According to Herschel, the phenomena of this 
class were of two distinct kinds. One of these was nebulous only in 
appearance, consisting in reality of so many systems of clustering collec¬ 
tions of stars contiguous to each other, like the series of clustering- col¬ 
lections of which he had found the Milky Way to he composed. The 
other species of objects consisted of those whose structure was purely 
nebulous. One of the most remarkS.ble of such objects was the great 
nebula of Orion, which Huyghens had discovered in 1656. From a com¬ 
parison of bis earlier with his more recent observations of this nebula, 
Herschel concluded that during the intermediate period it bad undergone 
a sensible change of aspect, a circumstance which appeared to him clearly 
to indicate that its structure was not sidereal. 

X. Nebulous Stars.—These are stars surrounded by a pale nebulous 
atmosphere. Herschel had, in a former communication to the hoyal 
Society, directed the attention of astronomers to these remarkable objects 
The star, in each case, appeared to be situate exactly in the centre of the 
nebulosity, whence it was evident that they wnre connected together by 
some physical relation. The question with respect to the real nature of 
these objects, was su|3posed by Herschel to be involved in great obscurity- 

in. the southern hemisphex*e. To the naked eye it appears like a dim cotnetic object, equal 
in brightness to a star of between the fourth and fifth magnitudes. "Viewed in a powerful 
telescope it resembles a globe of fully 20' ia diameter, very gradually increasing in bright¬ 
ness to the centre, and composed of innumerable stars of the thirteenth and fifteenth mag¬ 
nitudes. (^Resulis of Ast. Ohs., &c., pp. 21, 104; Outlines of Astronomy, p. 595.) 
This is the object alluded to in the text, as having been discovered by Halley in 1677, 
under the impression of its being a nebula. The globular cluster between sj and "Z 
Herculis, -which was also first observed by Halley as a nebula in the year 1714, is the most 
magnificent in the northern hemisphere. Sir WiHiam Herschel estimates the number of 
stars contained in it to amount to as many as 14,000! (^JPhil. 'Trans., 1806, p. 230.) 

* If the stars were regularly distributed in a globular cluster, this circumstance alone 
would manifestly cause the cluster to appear more condensed towards the centre. It 
appears, however, that in many cases the condensation of the cluster is greater than that 
•which would arise from a uniform distribution of the stars. The obvious inference is, 
tha.t the cluster forms an independent system, the constituent bodies of which, under the 
influence of their mutual attraction, have a tendency to congregate towards the centre. 

Phil. Trans., 1701, p. 71, et seq- 
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If tbd nebulosity consisted of stars so remote as to put on. a milky 
appearance, it necessarily follo-wed that the central body, -which usually 
resembled a star of the seventh or eighth, magnitude, must possess enor¬ 
mous dimensions. If, on the other hand, the central body be supposed 
not to exceed the ordinary size of the stars, how small, argued Herschel, 
must he the remaining stai*s of, the system, and how inconceivably great 
must be tbeir compression to produce the observed nebulosity- Instead 
of adopting either of these hypotheses, Herschel was inclined to believe 
- that the phenomenon arose from a star of the ordinary magnitude being 
involved in a shining fluid of a nature totally unknown, 

XI. Planetary Nebulm.'—These are iiebulm of a pale uniform aspect, 
and of a perfectly round form. Like the objects of the preceding 
class, they appeared to Herschel to he of a very mysterious nature. If 
they were admitted to he suns, it would be difficult to account for the 
faintness of their light. On the other hand, the supposition of their 
being sidereal aggregations was at variance with their uniform structure. 

XXI. Planetary ISTebulse with Centres,—The objects of this class were 
suspected by Herschel to form the connecting link between nebulous 
stars and planetary nebul?©. This view of tbeir nature suggested to him 
a conclusion which he subsequently developed at greater length. “ If,” 
says he, “ we might suppose that a gradual condensation of the nebu¬ 
losity about a nebulous star could take place, this would he one of them 
in a very advanced state of compression.”^ 

In the year 1811, Herschel communicated to the Royal Society a 
paper in which lie gave an exposition of liia famous hypothesis of the 
transformation of nebulae into stars Assuming a self-luminous sub¬ 
stance of a highly-attenuated nature to be distributed through the 
celestial regions, he endeavonred to show that, hy the mutual attraction 
of its constituent parts, it would have a tendency to form itself into 
distinct aggregations of nebulous matter, which in. each case would 
gradually condense, from the continued action of the attractive forces, 
until the resulting mass finally acquired the consistency of a solid body 
and became a star. In those instances wliereiu the collection of nebulous 
matter was very extensive, subordinate centres of attraction could not fail 
to be established, around which the adjacent particles would arrange 
themselves, and thus the whole mass would in process of time be trans¬ 
formed into a determinate number of discrete bodies, which would ulti¬ 
mately assume the condition of a cluster of stars. Herschel pointed 
out various circumstances which appeared to him to afford just grounds 
for believing that such a nebulous substance existed independently in 
space. He maintained that the phenomena of nebulous stars, and the 
changes observable in the great nebula of Orion, could not be satisfac¬ 
torily accounted for hy any other hypothesis. Admitting, then, the 
existence of a nebulous substance, he concluded, from the extensive indi¬ 
cations of milky nebulosity which he encountered in the course of his 
observatipns, that it was distributed in great abundance throughout the 
celestial regions. The vast collection of nebulae which he had observed, 
of every variety of structure, and in every stage of condensation, were 
employed hy him with admirable address in illustrating the modus ope- 
randi of his hypothesis. The planetary nebulae, whose nature had for¬ 
merly appeared to him to be totally inexplicable, vrere now reasonably 


* Phil. Trans., 1802, p. 502, 


t Ibid., 1811, p. 269, et seq. 
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supposed to Ids nebulae 'wbicli bad finally assumed the consistency of a solid 
body, so that the aspect exhibited by them in the telescope thenceforward 
necessarily failed to afford any indication of their internal structure. 

Notwithstanding the ingenuity of illustration and incontestable force 
of reasoning by which Herschel sought to establish this bold hypothesis, it 
has not received that confirmation from the labours of subsequent enquirers 
which is so remarkable in the case of many of the other speculations of 
that great astronomer. It is now generally admitted, that the changes 
which at one time were supposed to he taking place in some nebulae were 
altogether illusive, having been suggested partly by erroneous delinea¬ 
tions of the objects as they actually appeared in the telescope, and partly 
by the different aspect which they necessarily assumed when viewed in 
telescopes possessing different degrees of. optical power. Moreover, the 
phenomena denominated Nebulous Stars—which seemed to Herschel to he 
incapable of any satisfactory explanation, except by adopting the hypothesis 
of a self-luminous fluid—when examined with the powerful telescopes of 
Lord Hosse, have been found to exhibit an aspect totally different from 
that w'hich appeared to Herschel so enigmatical. In fact, the greater the 
optical power of the telescope with which the heavens are surveyed, the 
more strongly do the results tend to produce the impression that all nebulte 
are in reality vast aggregations of stars, which assume a nebulous aspect 
only because the telescope with which they are observed in each instance 
is not sufficiently powerful to resolve them into their constituent parts, 
and thereby disclose their real nature*. 

The only nebulae visible exclusively in the southern hemisphere, with 
which astronomers hitherto were acquainted, were those discovered by 
Halley and Lacaille, to which allusion has already been made. In 182S, 
the number of such objects was considerably augmented by the late Mr. 
Dunlop, who in that year communicated to the Ptoyal Society a catalogue 
containing 629 nebulae and clusters observed by him at Paramatta, 
in New South Wales. From the small optical power possessed hj’' his 
telescope, which was a Newtonian reflector of nine inches aperture, and 
doubtless, also, in some degree from his inexperience in such observations, 
this catalogue by no means afforded a faithful representation of the objects 
to which it related. 

In 1833, Sir John Herschel communicated to the Poyal Society a paper 
containing the results of an examination of the nebulae in the northern 
hemisphere, undertaken in the year 1825, with a twenty-feet reflector, 
and prosecuted during the course of the following eight years. This 
catalogue contained 2306 iiebulee and clusters. Of these about 500 w’ere 
new: the remaining objects had been already discovered by his father. 
It would be out of place here to attempt to give a detailed account of 
this magnificent production, wdiich is destined to form one of the great 
landmarks of sidereal astronomy. 

In 1847, the distinguished astronomer just referred to, published his 
‘‘ Ptesults of Astronomical Observations made at the Cape of Good Hope,” 

* It maybe mentioned, in connexion with this remark, that the great nebula of Orion 
has finally begun to exhibit indications of resolvability, upon being observed with the 
6-feet reflector of Loi*d Rosse, and with the powerful refractor of Cambridge, U. S. 
The same may be said respecting an examination of the nebula of Andromeda, by the 
aid of the latter telescope. For magnificent delineations of these two nebulfe, as 
observed at Cambridge, by Mr. Bond, the Director of the Observatory, and Mr. G. P, 
Bond, his son, see Mem. the Amer. Acad, of Arts and Sciences,_ New Series, 
vol. iii. 
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Whicli, among other oTajects of importance, contained, a catalogue of I’T'OS 
nebulae and clusters in the southern hemisphere. The observations 
which form the groundwork of this catalogue were made by Sir John 
Herschel at the Cape of Good Hoj)e, between the years 183d and 1838, 
with an instrument of the same optical power as that employed by his 
illustrious father and himself in their respective examinations of the 
nebulee of the northern hemisphere. This great catalogue, in conjunction 
with the one of 1833, hy the same astronomer, may he said to afford an 
accurate representation of all the nehul8e_ in the celestial sp)here, which 
are visible in a refleoting telescope of 18 inches’ aperture. From the 
unrivalled powers of description by which the author of these catalogues 
is distinguished, the monographs which they contain have imp>arted to 
them an interest extending far beyond the mere circle of strictly scientific 
enquirers, who see in them mainly the solid groundwork of ulterior 
researches of high importance in stellar astronomy. 

The most recent contribution to the subject of nebulae has been fur¬ 
nished by Lord Rosse, who in the year 1850 communicated to the Royal 
Society a paper containing the results of a re-examination of several of 
the nebulse comprised in Sir John HLerschel’s catalogue of 1833"^. These 
observations were made with the reflecting telescope of three-feet aper¬ 
ture, originally executed hy Lord Rosse, but chiefly with the more power¬ 
ful instrument of six-feet aperture subsequently constructed by him. 
ISTew phenomena of a highly interesting nature have been revealed in the 
course of these observations, hfany nebulae, which had hitherto resisted 
all attemp)ts to resolve them with instruments of iiifeiaor power, were 
now found to consist wholly of stars. Others exhibited pecnliarities of 
structure totally unexpected. Among these there are several which have 
been found to exhibit unequivocal indications of a spiral arrangement. 
One of the most remarkable objects of tins class is the nebula marked 
!No. 51 in Messier’s catalogue. This nebula has a smaller one in its 
immediate vicinity. Messier describes the two objects as a double 
nebula without stars. The poowerful telescopes of Sir 'William ITerscliel 
disclosed the existence of a new featui’e in its structure of a very inte¬ 
resting kind. ITe has I'epresented the object as a bright round nebula, 
surrounded hy a halo or glory at a distance from it, and accompanied by. 
a companion. Sir John Herschel discovered that the south following 
half of the ring was divided into two pai-ts, producing an appearance 
heaidng some resemblance to the bifurcation of the Milky Way. This 
circumstance suggested the probability of the nebula being a vast sidereal 
system, identical in structure with, that to wdiicli it offered so striking an 
analogy. The telescopes of Lord Rosse have served to destroy this 
interesting surmise, by showing the nehula to be of a totally diffierent 
structure from that which it exhibited in instruments of inferior power. 
It has been found to be in fact composed of a series of spiral convo¬ 
lutions, arranged with, remarkable regularity. A connexion has also 
been traced by means of these spirals between the nebula and its com- 
joanion. The number of nebulas in wdrich Lord Riosse had already detected 
unequivocal indications of a spiral structure, amounted to fourteen. 

The remarkable class of objects termed Planetary Nebulae, when viewed 
in the 6-feet reflector of the distiugnislied astronomer just alluded to, 
have failed to exhibit that uniform aspect which bad proved such a stum¬ 
bling-block to Herschel in his attemqots to explain their structure. Riv© 


* 


Phil. Ti'ans,, 1850, p. 499, et seq- 
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rieliulse, ivliich previous astronomers liad represented as_ possessing a 
round uniform disk, were found by Lord Rosse to exhibit unequivocal 
indications of an annular structure. Nebulae of this description are 
extremely rare in the heavens. Only four of such objects had hitherto 
been recognised by astronomers, t\YO in the nortlierii and two in the 
southern hemisphere. 

The class of objects comprehended under the designation of Nebulous 
Stars, YYliose appearance Sir William Herschel was unable to account for, 
except by assuming the existence of a shining fluid existing independ¬ 
ently in space, have also exhibited, in the telescopes of the distinguished 
nobleman just referred to, an aspect which entirely obviates the necessity 
of having recourse to such an hypothesis. One of the most interesting 
objects of this class is the nebulous star marked No. 450 in Sir Jolin 
Herschel’s catalogue of 1833. The star-like point of this object, when 
viewed in the 6-feet reflector, is seen to he placed in the centre of a 
nebulous nucleus, and beyond there appears a nebulous ring completely 
separated from the latter. Another nebulous star, * Ononis, has been 
found to exhibit a somewhat analogous aspect. The pale nebulous light 
surrounding the star is found to contain a dark cavity, not exactly sym¬ 
metrical with respect to the star. 

Of the other nebulae examined by Lord Puosse, one of the most inte¬ 
resting is the one marked No. SD9S in Sir John Herschel’s northern 
catalogue. This object has been found to exhibit arises, indicating, in 
all probability, a nebulous ring seen edgeways. This pehenomenon appears 
to afford a valuable eicper-imentum crucis in deciding the question relative 
to the structure of those nebulae which exhibit an annular aspect. It 
is not dif&cnlt to see that such an apipearance might be produced either 
by a real ring or by a hollow spiherical shell of nebulous light. In the 
latter case, however, it would always exMbit a perfectly round appear¬ 
ance ; whereas, in the former, there is only one piosition of the ring 
in which it would appear round. In every other position it would appear 
more or less elliptical, and when its plane passed through the earth, it 
would resemble two op)p>osite anses attached to the central object, provided 
there was one. Now', since observation has, in one instauce at least, dis¬ 
closed indications of such anscB, and thereby afforded unequivocal evi¬ 
dence of the actual existence of a ring comp^osed either of stars or of 
a nebulous substance, we may reasonably conclude that the annular' 
apprearauce exhibited by several other nebulae is occasioned by a similar 
cause, and not by a hollow spihere of nebulous light. We are also 
warranted by the same consideration in supposing that those elliptical 
nebulae w'hicii exhibit dark chinks are in reality nebulous rings of more 
or less regular structure, seen obliquely with resprect to the line of vision, 
and not hollow ellipetical shells of nebulous light. 

Sir John Herschel has remarked, in the papier containing his catalogue 
of nebulae visible in the northern hemisphere, that further discoveries of 
such objects can only he expoected to result from the use of telescopes pos¬ 
sessing a higher degree of opotical p)ower than a reflector of eighteen 
inches’ aperture, the instrument with ■which all the nebulas hitherto known 
to exist were mamly discovered. The observations of Lord Rosse are 
plainly destined to be instrumental in realising this expectation. Although 
no direct search for new nebulae has yet been undertaken by his lord- 
ship, several objects of this class, -which it was impossible to discern in 
instruments of inferior power, have been incidentally revealed by the im¬ 
mense light of the 6-feet reflector. It is thus evident that, with a greater 
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increase of optical power, new accessions will "be constantly made to tlie 
visible extent of tlie universe. 

The results whicht Lord Rosse lias ah'eaclj achieved by means of his 
powerful telescopes, clearly point out the course which must be pursued 
in order to acquire some degree of knowledge respecting the nature and 
constitution of those magnificent systems of sidereal bodies which have 
been found to pervade the immensity of sjiace. In the first place, it is 
manifest that a careful delineation of the different parts of each system 
forms an indispensable preliminary to any progress in this branch of 
enquiry. Tt is only by a subsequent comparison, instituted between 
nebulae of every observable variety of form, that any knowledge can be 
obtained respecting the real structure of those wonderful systems. 
Among them there are, doubtless, systems of different orders, as we fi.nd 
exeinplitied to a limited extent in the solar system, hut among those of 
the same order w^e have just grounds for suspecting that a kindred form 
of structure prevails. It is probable that such systems are viewed in 
every variety of position relative to the earth, and hence we may reasoiir- 
ably expect that, by an extensive collation of their apparent forms, it will 
he possible to arrive at some definite conclusions respecting'their actual 
configuration in space. Rormidahle as the problem x-elative to the struc-' 
ture of these systems may appear when considered from this point of view, 
its difficulties are vastly enhanced by the internal changes which are con¬ 
stantly taking place in each -system. It must be borne in mind that, 
although the various bodies of which each system is composed are doubt¬ 
less linked together by intimate physical relations, the condition which 
thus subsists is one of dynamical stability rather than statical equilibrium. 
In fact, we are amply justified, both by reason and analogy, in supposing 
that the constituent bodies of every system are revolving in curvilinear 
orbits under the influence of their mutual gravitation. It is manifest 
that from this cause each system will be liable, in process of time, to 
undergo a modification of form. Hence it follows, that not only will 
systems of the same order exhibit different external forms wdien com¬ 
pared with each other, but even the same system will vary from time 
to time relatively to itself. That the eccentric position of the observer, 
and the displacements arising from the internal movements of its con¬ 
stituent bodies, may cause a system to appear veiy complicated, while at 
the same time its vai'ious parts are adjusted in the most perfect harmony, 
is evident, from a consideration not onlj’- of the planetary system itself, but 
also of those miniature systems of which it is mainly composed. What 
more admirable arrangements can the imagination conceive than those 
which pervade the system of Jupiter’s satellites, and yet when this exqui¬ 
site mechanism is casually viewed through a telescope, what can he more 
devoid of symmetry than the configurations of its different parts ? 

It is manifest, from the foregoing considerations, that, in order to acquire 
just ideas respecting the construction of those vast systems of worlds wKich 
the telescope has sbowii to he distributed throughout the immensity of 
space, an assiduous course of observation and research, prosecuted through¬ 
out a long succession of ages, is absolutely indispensable. The investi¬ 
gation of the dynamical la'ws by which those systems are governed and 
their stability is assured, must he regarded as an ulterior object. It is 
only in the case of the more simple systems, the relative movements of 
whose constituent bodies admit of being readily deduced from observation, 
that the dynamical conditions of the system can form a feasible subject 
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of researcli. To attempt to discoYer the mechanical structure of more 
comX)lica,ted systems, before observations were amassed capable of forming 
a sure groundwork of research, would be manifestly a ho]peless under¬ 
taking. All speculations directed to this end must therefore be regarded 
as premature, in the present state of sidereal astronomy >=1^. 

The remarkable Zone of light termed the Milky Way, which is seen 
encircling the starry heavens, has in all ages excited the admiration of 
mankind, and stimulated the enquiries of the contemplative observer of 
nature. It would serve no useful purpose to refer here to the erroneous 
opinions entertained by various ancient philosophers respecting the nature 
of this luminous circle. Aristotle supposed it to be composed of a sub¬ 
stance occupying an intermediate position between the terrestrial atmo¬ 
sphere and the region of the stars. In no part of his great work has 
IPtolemy expressed an opinion respecting the nature of the Milky VT^ay. 
It is a remarkable fact, however, that Democritus hit upon the true ex¬ 
planation of its aspect. According to Plutarch, he maintained that it 
was composed of a multitude of small stars, so very near to each other, 
that their light became blended together so as to produce the appearance 
of a luminous zoned* similar opinion respecting the Milky W^ay is 

expressed by Manilius, in his poem on the sphere t. 

Copernicus has cautiously abstained from any allusion to the Milky 
Way, in his immortal work wherein he expounds the true system of the 
universe. Tycho Brahe supposed it to be formed of a nebulous sub¬ 
stance, as is "evident from his speculations on the origin of the new star 
which appeared in the year 1572§. A similar view of its structure was 
implied in Kepler’s speculations on the origin of the new star of 1604 \\. 

The invention of the telescope, about the beginning of tbe seventeenth 
century, had the effect of conducting asti'onomers to a more accurate 
knowledge respecting the constitution of the Milky Way than had hitherto 
prevailed. When Galileo first explored the heavens with his telescope, 
he discovered everywhere, to his unspeakable a,dmiration, a multitude of 
stars which were too faint to he p»eTceiYed with the naked eye. The 
aspect of the iXIilky ATay was found by bim to arise wholly from its being 
eonir^jsed •jf a vast collection of small stars in close proximity to one 
arnuner. l;i il’e SiJci-cas Xtincius. a small work containing the first 
a;ii;or.:'.ce!nei:: (I'l" his xeiesccqjic discoveries in tbe heavens, he congratu¬ 
lates biniself on liaviiig put an end to the ancient controversy respecting 
t'ne Z\I:;kv AA’av, liv actual]v exhibiting its structure to tbe senses 51. 
Thei.eeiorward iz has been generally admitted, that the Milky Way is, in. 
iiizi, no oilier llirui a vast assemblage of stars too small to be individually 
visible. 


^ Amonfr who have partially laboured ou the subject of uebulse, no one exhi¬ 

bited ^ucsii high qualificaiions for cultivating so delicate a branch of stellar astronomy as 
Ebemzt r Porter Mason, a young American of great promise, who unfortunately died in 
the A ear IS 4 Ch at the early age of twenty-one years. An important paper, containing the 
2‘0-uI:s of his obser\ations of some remarkable nebute, is inserted in voL vii. of the 
TriiuMieCwns c p the A.}nerican I^ldlosopJdcal Society, There is a very interesting* ac- 
r )unt of the life and writings of this true son of genius, Avritteii by Professor Olmsted, 
of Yale Coiic'ge. Connecticut. (12uio, Nevv Y^ork, 1842.) 
f lie Flacit. lib. iii., cap. i. 

X “ An major densa stellarum turba corona 

Contexit flammas, et crasso lumine candet. 


Et fultrore nitet collato clarior orbisP’—Lib. i., cap. ix. 

S PjoCTmnasmata, p. 795. [j De Stella Nova/^ cap. xxiii., 

® Opere di Qalileo, tome ii., p, 4. 
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Althougli the nature of tlie Milky Way was now well understood, 
no attempt was made for a long time to investigate tlae particulars of 
its structure, and to connect its appearance with, the distribution of the 
stars throughout the other parts of the visible heavens. This important 
object was at length accomplished by Thomas Wright, in his “ Theory of 
the Universe,” a work to which we have already had occasion to allude. 
The author has given an exposition of his theory in nine letters addressed 
to a friend. Alluding to the current ojnnion respecting the Milky Way, 
that it is composed entirely of stars, he asserts that this view of its 
nature was supported by his own observations with a reflector of one foot 
focal length. The following statement embraces the more important 
points of his theory. 

If we judge of the Milky Way by phenomena only, we must conolade 
it to be a vast ring of stars, scattered promiscuously round the celestial 
regions in the direction, of a perfect circle. This view of its structure, 
however, does not accord with the aplanatic position and irregular distri¬ 
bution of multitudes of other stars of the same nature, dispersed through¬ 
out the celestial regions. It is not consistent with the harmony w^hicli 
pervades all the other arrangements of nature, that one portion of the 
stars should be disposed with the most perfect regularity, while all the 
others were scattered about in the utmost confusion, without any regard 
to symmetry. It is more probable that the whole visible creation of 
stars forms one vast system, the parts of which are adjusted with the most 
perfect harmony, and that its incongruous asioect is due to the eccentric 
position in which it is viewed, and to the motions of the constituent 
bodies relatively to each other. When we reflect upon the various con- 
figui'ations of the planets, and the changes which they perpetuallj’’ 
undergo, we may be assured that nothing but a like eccentric position of 
the stars could occasion such confusion among bodies otherwise so regular. 

In like manner we may conclude that, as the planetary sj^stem, if view’ed 
from the sun, wmuld appear perfectly symmetrical, so there may be some 
place in the universe where the arrangement and motions of the stars 
may apjpear most beautiful. 

If w'e su|)p)Ose the sun to be polunged in a vast stratum of stars, of 
inconsiderable thickness compared with its dimensions in other respects, 
it is not difficult to see that the actual appearance of the heavens may be 
x'econciled with a harmonious arrangement of the constituent bodies of 
such a system, relative to some common centre, provided it be admitted, 
at the same time, that the stars have all a prop)er motion. In such a 
system it is manifest that the clishibution of the stars would apopear more 
irregular the farther the place of the spectator wns removed from the 
centre of the stratum towards either of the sides. It is also evident that 
the stars would appear to be distributed in least abundance in the oppo¬ 
site directions of the thickness of the stratum, the visual line being 
shortest in either of those directions, and that the number of visible 
stars would increase as the stratum wns "snewed through a greater depth, 
until at length, from the continual crow'ding of the stars behind each 
othei% it would ultimately assume the apopoearance of a zone of light. 
According to this hypothesis, then, the whole of the visible stars, including 
the sun, form part of the system of the Milky Way, their iri'egular dis¬ 
tribution being occasioned by the eccentric position of the sun, combined 
with their own proper motions. 

There are, in all pi'ohahility, various systems resembling the Milky Way; 
but it is not unreasonable to suppose, that there may be systems of stars 
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differing as much, in tlie order and distribution of tlieir constituent^ bodies 
as the zones of Jupiter do from the rings of Saturn. We may, in fact, 
suppose that some systems of stars move in perfect spheres, at different 
inclinations and in different directions; while others, again, may revol'^, 
tike the primary planets, in a general zone, or more probably in 
manner of Saturn’s ring; nay, perhaps, ring within ring, to a third or 
fourth orders-. _ . _ 

In propounding his theory of the Milky Way, of which the foregoing 
■is a brief sketch, Wright does not recognise the existence of systeros oi 
stars subordinate to that great system. He, indeed, asserts,^ that those 
cloudy spots which are resolvable into stars, might be explained by the 
principles which he laid down, but he does not formally assign to them a 
place in his theory. In the concluding letter, how'ever, he appears to 
admit the existence of a multitude of sidereal systems within the boun¬ 
daries of the visible universe, subox'dinate, of course, to the great system 
of the Milky Way. We also find, in the same letter, an interesting ex¬ 
pression of his opinion respecting those nebulae which had hitherto proved 
irresolvable even in the best telescopes. Taking into consideration the 
multitude of sidereal systems included within the confines of the visible 
universe, it appeared to him not improbable that the immensity of space 
is occupied by an endless succession of sj’stems, analogous in their struc¬ 
ture to the great system (the Milky AVay) of which the visible universe is 
composed. “ That this, in all probability, may be the real case,” says he, 
“is in some degree made evident by tbe many cloudy spots, just perceiv¬ 
able by us, as far without our staiuy regions, in which, although visibly 
luminous spaces, no one stai’ or particular constituent body can possibly 
be distinguished ; those, hi all likelihood, may he external creation, hor-- 
derintj ujMn the known one, too reinote J'or even our telescoioes to reacli.'''\ 
The specxilations of Wright on the Milky Way are so consistent with 
sound philosophy and the results of observation, that they cannot fail to 
obtain tbe sanction of every p*erson who submits them to a careful exami¬ 
nation- At the time of their original promulgation, howevex’, the atten¬ 
tion of mathematicians had become deeply engrossed with tbe develop¬ 
ment of the theory of gravitation, while astx’onomers, on the other hand, 
were impressed with the necessity of introducing a coi'responding degree 
of refinement into their ol.ser^.'ations, and establishing with the utmost 
possible accuracy the elements of the planetary movements. It hap¬ 
pened, from this cause, that only individuals of the same specxxlative 
turn of mind as Wright Limseif were induced to adopt his theory as the 
basis of further enquiry. Sucli was the case with respect to Kant, the 
celebi'ated German metapliysiciaix, who, in the year 1755, published a work 
containing an exposition of his views respecting the cosmical airangement 
of the celestial bodies. In the introduction to this wniic, he acknowledges 
that the germ of his ideas oii the distribution of the stai’s was suggested 
to him by the speculations of Wright on the subject. His system, 
indeed, does not materially differ from that of the English philosopher. 
A system beaiing a close affinity to either, was also propounded a few 
years afterwards, by Eambert, in his “ Cosmological Lettei's.” 1 

The ph 3 *sical constitution of the jNIilkv' Wax', and its connexion with 

* It is impossible not to be struck with the connexion subsisting between these saga¬ 
cious remarks, anl the phenomena which Lord Rosse has recently succeeded in disclosing 
hy means of his powerful telescopes. 

f Theory of the Universe, p>. 83. 

X Lambert has aptly denominated the [Milky Way the Ecliptic of the Fixed Stars. 
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the arrangenaent of the stars constituting the visible universe, formed a 
subject of too great importance in stellar astronomy not to have engaged 
the attention of Sir William Herschel. The results of his early labours 
relative to this branch of enquiry are contained in t\vo papers inserted in 
the volumes of the IPhUoso^hical Transactions for 1784 and 1785. His 
theory agrees in the main "with that of Wright and the other enquirers 
above alluded to ; but in this, as in every other instance of his specula¬ 
tions, he produced a strong conviction of their reality in men’s minds, by 
establishing a close connexion between them and the results of actual 
observatiou. Eis powerful telescopes enabled him to penetrate far more 
deeply into the structure of this wonderful zone than had been hitherto 
possible, when, to his admiration, lie found it to consist, in every part of 
its visible course, of an innumerable multitude of small stars On one 
occasion he found that in the short interval of one-quarter of an hour 
no fewer than 116,000 stars had passed through the field of view of Ms 
telescopef. On another occasion he found that in forty-one minutes of 
time as many as 258,000 stars had. passed in review before him 11 

It would be inconsistent with the object of this work, to enter into 
a detailed account of the researches of Herschel on the Constitution of 
the Milky W^ay. A remarkable method devised by him for ascertaining 
the configuration in space of this great sidereal system, consisted in ex¬ 
amining the heavens at different distances from the Galactic circle, and 
numbering the stars visible in the field of view of his telescope- Assuming 
that the stars are uniformly distributed throughout space, and that the 
telescope suffices to penetrate to the utmost limits of the sidereal stratum 
constituting the Milky Way, it is manifest that the number of stars visible 
in the field of view of the telescope would increase with the length of the ' 
visual line, and would thereby afford an indication of the distance from, 
the observ^er to the exterior surface of the Milky Way. Hence, by com¬ 
paring together the lengths of the various lines found in this manner, and 
taking into consideration their respective distances from the Galactic 
circle, the actual configuration in sqnce of the Milky Way may be ascer¬ 
tained. Such is a brief outline of the celebrated method of gauging the 
heave7is, which Herschel practised to a vast extent in the early period of 
his researches on the constitution of the Milky Way§. 

Although Herschel assumed as one of the fundamental points of his 
theory of the Milky Way, that the stars are distributed uniformly 
throughout si^ace, he had recourse to this principle, not from a conviction 
of its being absolutely true, but because, while there was a probability of 
its constituting a tolerable approximation to the actual state of natur^ it 
at the same time had the advantage of affording a convenient basis of 
calculation. Even as early as the year 1785, he remarked, that in many 

* Phil. Trans., 1784, p. 438. f Ibid., 1785, p. 244. ^ Ibid., 1795, p- 70. 

§ These observations were made by Herschel with the 20-feet reflector, the field of 
view of which was 15' in diameter. In some instances the number of stars in the field 
of view did not exceed a few units. On one occasion, indeed, Herschel was enabled to 
count only tln-ee stars in four successive gauges. The paucity of stars in the field of 
view was of course mainly observable in those parts of the heavens which were at a con¬ 
siderable distance from the Milky Way. As the gauges approached the Galactic circle 
the number of stars rapidly increased, amounting in many instances to between 400 and 
500, and on one occasion running' as high as 588. A list of these gauges, with the 
elements of their respective positions, is given by Herschel in his paper inserted in the 
Philosophical Transactions for 1785. They amount in number to between three and 
four thousand. 
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parts of the Milky Way the stars exhibited indications of a tendency to 
collect together into se^Darate clusters It was this circumstance -which 
induced him to assert that some parts of our sidereal system seemed to 
have suffered more from the ravages of time than other parts _ In con¬ 
firmation of this statement, he remarked that in the constellation Scor¬ 
pio there existed an absolutely dark space, about 4® broad, in which not 
a single star was visible; while on the other hand the object marked ISTo. 
80 in Messier’s catalogue, one of the richest and most compressed clusters 
of stars in the heavens, %yas situate close upon its -western border 

In his paper of ISOJi, Herschel again referred to the manifest evidence 
of a tendency of the star's in the Milky Way to form themselves into 
distinct sidereal aggregations. In all those instances -wherein small 
spaces of a milky aspect in a state of isolation were discernible, he 
found that the brightness -was invariably greatest in the middle, and 
least around the borders; and since he had shown, by means of his 
powerful telescopes, that the peculiar aspect of the Milky Way arose 
entirely from the presence of a multitude of small stars in close prox¬ 
imity to each other, this gradation of brightness clearly indicated that the 
stars of each distinct group -were clustering to-wards a common centre. 
A. striking example of the tendency of the stars to collect together into 
separate systems was cited by him in the paper just referred to. He 
remarked that in the interval between (3 and y Cygni, including a space 
e of about 5°, the stars seemed to he clustering towards opposite regions 
of the heavens. By a computation, based upon the number of stars 
contained in the field of view of bis telescope when directed towards 
different parts of tbis space, he found that it contained at least 331,000 
■ stars. Hence, admitting that the stars -were really clustering in equal 
numbers towards opposite regions of the heavens, as observation seemed 
to warrant, he concluded that each of such clusters contained at least 
165,000 stars!! 

In a paper which he communicated to the Royal Society iu the year 
1814, Herschel again alluded to the tendency of the stars constituting 
the Milky Way to arrange themselves into separate systems. He also 
took into consideration the consequence which must inevitably ensue from 
the continued operation of such a clustering process||. By a series of 
careful observations be found that tbe clusters of various kinds were 
much more numerous within tbe Milky Way and the regions bordering 
upon it, than they were in the more distant regions of the heavens 
with respect to tbe Galactic circle. He considered that under the 
influence of the mutual attraction of tbe stars tbis clustering process 
wohld continue until it wonld ultimately result in tbe complete breaking 
up of the Milky Way, and tbe formation of a number of sidereal systems 
totally distinct from one another. The grandeur of this conclusion was 
worthy of the genius of Herschel; but it may be urged against its 
admission that w'e have no reason to suppose that the various parts of 
the Millty Way are not already in a condition of dynamical stability, and 
that tbe clustering patches of light by which it is distinguished tbrough- 
ont its visible course, are not in reality’so many sidereal systems, existing 
independently of one another, but subordinate to tbe great system of 
which they apparently form a part. 

* Phil. Trans., 1785, p. 255. f Ibid., p. 256. 

I Ibid. § Ibid., 1802, p. 495. || Ibid., 1814, p. 248 et seq. 
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A1 though tlie liypotliesis of a uniform distribution of the stars in space, 
combined with their arrangement, in the form of a vast stratum of incoir- 
siderabie thickness, accounts for the general appearance of the. stany 
heavens, still it is not improbable that the gradual increase in the num¬ 
ber of stars visible upon approaching the Milky Way, may arise, in some 
degree at least, from a, real condensation of them towards the plane of 
the Galactic circle. This point can only be decided by taking into account, 
in conjunction with the number of stars visible in the field of view of 
the telescope, their relative distances as indicated by their apparent mag¬ 
nitudes. If we suppose the observations to be limited to stars of a cer¬ 
tain magnitude, and to include all those of superior brightness, which 
are presumed, in consequence, to he neai-er to the earth, the question will 
then be reduced to the investigation of the law of distribution of the stars, 
comprehended within a sphere whose radius corresponds to the apparent 
magnitude of the extreme stars. ISTow, if in such a case the stars appear 
more numerous upon approaching the Milky Way, it is manifest, from 
this circumstance alone, that they must increase in density towards the 
plane of the Galactic circle- Moreover it is evident that, for two such 
spheres of different radii, the maximum number of stars wnuld. bear to 
the minimum a much higher ratio in the case of the larger sphere than 
it would do in that of the smaller, provided there was a real condensa¬ 
tion of the stars. The work recently published by M. Struve, entitled 
JEtudes d'Astronomie Stellaire,” contains some remarkable speculations 
on the constitution of the Milky Way, which bear directly upon this 
question. By a skilful discussion of the gauges of Herschel, and the 
catalogues of modern astronomers, chiefly those of Bessel and Arge- 
lander, he has ascertained that the stars of the visible universe are not 
uniformly distributed throughout space, but that they are gradually more 
condensed towards the plane of the Milky Way. He moreover has suc¬ 
ceeded, by means of empirical foi'inulse, in representing the law of appa¬ 
rent condensation with remarkable fidelity. Our limited space prevents 
us from giving a detailed account of bis interesting researches on this oc¬ 
casion. 

During Sir Johii Herscliel’s residence at tlie Cape of Good Hope, be 
executed an extensive series of observations, with the view of discovering 
whether the distribution of the stars in the southern hemisphere cor¬ 
responded with the results of Sir William Uerschel’s similar labours, 
prosecuted mainly on the opposite side of the Galactic circle. In order 
that the observations might admit of comparison with those of his father, 
they were made according to the same method, and with a telescope of 
the same optical power. They embraced a region of the celestial sphere 
extending from the south pole of the Galactic circle to a distance of 150^, 
measured upon a great circle passing through it. The whole number of 
stars counted in the telescope amounted to 68,948, which were included 
within 2299 fields of view'^. The results were found to pveseiat a remark¬ 
able agreement with those deduced hy M. Struve from the gauges of Sir 
William Herschel. It would appear from them, that the southern hemi¬ 
sphere is somewhat richer in stars than the northern. This w’ould in¬ 
dicate that our system is not situate exactly in the plane of the Galactic 
circle, but is displaced a little towards the north. The appareiit position 
of the Milky Way pi'esents an interesting accordance with this conclu- 

* Results of Ast. Obs., &c., p. 380. 

P F 
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sion; for it lias lieexi found that its mean course does not coincide 
exactly -with a great circle of the sphere, but ^vith a parallel distant 
about 9S° from the Galactic north pole-'*. 

By a computation based on the gauges in both hemispheres relative to 
the Galactic circle. Sir John Herschel found that the whole number of 
stars •visible in a reflecting telescope of 18 inches aperture amounts to about 
five millions and a half f. It may be remarked in connexion -with this 
fact, that the whole number of stars visible to the naked ej’e in both 
hemispheres does not exceed six thousand, even in the case of persons of 
the most acute vision J- 

We shall conclude our labours with a brief account of the speculations^ 
of astrononp.ers on the subject of tbe Extinction of Bigbt in its passage 
through space. "We have seen that, even as early as the sixteenth century, 
Jordan© Bruno ventured to assert that the universe is peopled •with an 
infinite number of suns. As soon as the telescope disclosed the actual 
existence of innumerable stars invisible to the naked eye, the doctrine of 
an infinity of worlds presented itself with greater plausibility to minds 
imbued with a natural propensity to^wards speculation. In a short paper 
inserted in tb© Philosophical Transactions for 1720, Halley has considered 
the effect which would be produced npo^n the aspect of the heavens if the 
universe was peopled with an infinite number* of shining bodies §. The re¬ 
sult of his enquiry was not unfavourable to that hypothesis. He remarked 
that the light of the stars diminishes at a more rapid rate than the interval 
included between them does, the law of diminution being repi'esented in 
the one case by the reciprocal of the square of the distance, and in the 
other simply by the reciprocal of the distance. He moreover added, that 
•when the stars ax'e very remote they vanish, even in the most powerful tele¬ 
scopes. Upon these grounds he concluded that, even if the number of 
bodies was infinite, the heavens could not exhibit a uniformly illuminated 
aspect from their* combined Instre. 

Plausible as the reasoning of Halley midoubtedly is, it cannot be 
regarded as satisfactory when submitted to close examination. Chesaux, 
the Swiss astronomer, to whom allusion has already been •made on more 
than one occasion, arrivedj at a different conclusion. He asserted that 
the light of an infinite number of shining bodies would cause the heavens 
to appear everywhere equally illuminated with the sun, and upon this 
ground he maintained that -we must either abandon the supposition of 
infinity, or admit that light is gradually extinguished in its passage 
through the celestial reg'ions, A similar view of the subject was enter¬ 
tained by Olbers, the celebrated German astronomer. ’ M. Struve, in his 
^''Etudes d'Asiro7iomie Stellaire” has given an account of some interesting 
speculations on this subject, which w*ere suggested to him by his researches 
on the law of the distribution of tbe stars constituting the visible universe. 
He considers that positive evidence in favour of the extinction of light 
is afforded by the circumstance that tbe space-penetrating power of a 
telescope, when computed according to the usual principles, far exceeds 


*■ Struve, Etudes d'Astronomie SteTZaire, p. 61. 

t Results of Ast. Obs., &c., p. 381. The precise number of stars assig'ned by his 
computations is 5,331,572. He considers, ho'wever, that the number real.y visible in 
the telescope is much greater, as in many parts of the Milky "Way the stars appeared so 
crowded as to defy counting. 

^ Struve, Eludes d'Astronomie SteUaire^ p. 2. 

§ Phil. Trans., 17*20, p. 2*2. 
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its value as iadieate4 by actual observation. Thus, according to the 
usual theory, M. Struve found that the space-penetrating power of the 
S.0-feet reflecting telescope of Herschel was 74.83, the linear unit being 
the distance of the smallest stars visible to the naked, eye. On the 

Other hand, he found by a computation based u|)oa the law of con¬ 
densation of the stars, which he had deduced from the observations of 
Herschel and other astronomers, that the radius of a sphere embracing 
the smallest stars visible in the SO-feet reflecting telescope of Herschel, 
does not exceed S5.679 of the same units. It would appear, therefore, 
that the telescope does not in reality penetrate into space beyond the third 
part of the distance assigned by theory. M. Struve maintains' that the 
inconsistence between theory and observation which is thus found to pre¬ 
vail, can only be accounted for by supposing that the light of the stars is 
gradually extinguished in its passage through the celestial regions. 
Adopting this hypothesis, he proceeds to investigate the results deducible 
from it, assuming as a fundamental principle that the light is enfeebled 
in geometrical progression as the space traversed by it increases in arith¬ 
metical progression. By strict computation he found that the theory 
which nsually assigns the space-penetrating power of the telescope might 
be reconciled with observation, by supposing that the light of the stars 
was enfeebled to the extent of -Y-o-yth of its intensity in its passage through 
a space equal to the distance of a star of the first magnitude. 

The extinction of light occasions a diminution in the brightness of all 
the stars that are visible, either to the naked eye or in the telescope, hi. 
Struve found, that for the smallest stars visible to the naked eye, the 
diminution of brightness is equal to -y^yths of the whole quantity. For 
stars of the ninth magnitude the diminution of brightness amounts to 
y®Q%tlis, and for the smallest stars visible in the 90-feet reflecting tele¬ 
scope of Herschel the diminution of brightness is no less than of 

the whole quantity. 

The effect of the extinction of light upon the space-penetrating power 
of telescopes is equally remarhable. The 90-feet reflector of Herschel, 
which M. Struve calculated to have a penetrating power of 813.9, abstrac¬ 
tion being made of the extinction of light, was found by him to have a 
power of only 950.7, -when, the influence of that principle was talten into 
account. In like manner he found that the space-penetrating joower of 
the 40-feet reflecting telescope of the same astronomer w'as reduced from. 
9080.3 to 368.6, in consequence of the extinction of light. It is manifest 
that, if these results be admitted as true, the distances assigned by Her- 
schel to the celestial bodies, must necessarily undergo a corresponding 
diminution. 

If light really diminishes in geometrical progression relative to the 
space through which it is transmitted, it is evident that, beyond a deter¬ 
minate distance, the light of a star can produce no sensible effect to an 
observer at the earth, and therefore the apparent illumination of the 
general ground of the heavens will depend wholly on the light of the 
stars included within that limit. This circumstance has suggested to M. 
Struve some curious calculations relative to the effect contributed by the 
different classes of stars towards the brightness of the heavens, as observ¬ 
able in the region of the Milky Way, and in the direction of the poles 
of the Galactic circle. The following are some of the more interesting 
conclusions at which he arrived:— 

1st. The stars situate beyond the reach of the 90-feet reflecting tele- 

p r 9 
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scope of Herschel, do not contribute more than 19 per cent, to the bright¬ 
ness of the Mhlcy Way. 

3nd. If the effect pi'oduced by the stars visible to the naked eye be 
abstracted, the illumination of the ground of the heavens in the middle 
of the Milky Way ■will be expressed by 0.99007, the total illumination 
being represented by unity. 

3rd. The total illumination of the heavens, in the direction of the poles 
of the G-alactic circle, is only ti^^s of what it is in the middle of the 
Milky Way. 

4th. When the combined lustre of stars of distinct classes is con¬ 
sidered, the ratio of the illumination in the Milky Way to that in the 
direction of its poles, gradually increases as the stars are more remote. 

5th. If we exclude from consideration the stars visible to the naked 
eye, the brightness of the heavens in the direction of the poles of the 
G-alactic circle, is only one-sixth of the brightness of the Milky Way. 

It must be admitted that the hypothesis of the extinction of light, from 
which M. Struve has deduced the foregoing interesting conclusions, can¬ 
not be considered as a principle of physics, the reality of which has heen 
established beyond all doubt upon the solid basis of observation. It has 
been mentioned, that his reason for adopting this principle was founded 
on the circumstance of the space-penetrating power of the telescope 
having heen discovered by him to he in reality much less than what 
theory indicated it to he. The q^uestion may be considered under the 
following aspect:—In the Milky Way the average number of stars visible 
in the field of view'of the SO-feet reflecting telescoxoe of BCerschel, was found 
by M. Struve to be 199, and the distance of the smallest of such stars, as 
deduoihle from his researches on the law of the density of the stars, was 
determined by him to be 95.679 units. Hence, if the density of the 
stars in the direction of the plane of the Milky Way was uniform, as M. 
Struve in his researches assumed it to be, the number of stars visible in 
the telescope at the distance of 74.83 units, ought to he 3091. Mow, 
the space-penetrating power of the telescope, as computed upon the ordi¬ 
nary principles, was found by M. Struve to he repi'esented by 74.83 units. 
The conclusion would, therefore, appear to he unavoidable ; either that 
the density of the stars diminishes towards the limits of the Milky Way, 
or that the light of the stars is gradually extinguished in its passage 
through the celestial regions to the earth. With respect to the question 
of a diminution of density, it is to be remarked that, since the incon¬ 
sistency between theory and observation, above referred to, is presumed to 
manifest itself in every part of the contour of the Milky Way, it cannot 
be considered as available in explaining that inconsistency, unless the sun 
be supposed to be situate near the centre of the great sidereal disk, con¬ 
stituting the Milky "Way. M. Struve, however, contends that -we have no 
knowledge of the limits of the Milky Way—that to us it is absolutely 
unfathomable, and consequently that there does not exist any probability 
of the sun being situate near the centre of the Galactic circle. Upon 
these grounds, therefore, he maintains that the explanation of the incon¬ 
sistency, by a diminution in the density of the sidereal stratum, in the 
direction of its principal plane, is inadmissible, iyz ipso Imiine. 

The assertion of M. Struve with respect to the absolute unfathom- 
ahilityof the Milky'Way, appears to be founded on certain observations 
cited by Sir William Herschel in the course of his sidereal researches ; 
but, with all due deference to the authority of the illustrious astronomer of 



581 


HISTORY OF PHYSICAL ASTRONOMY. 

Pulkowa, we axe inclined to believe tbat he has not apprehended the real 
drift of the language used bjr JHerschel on those occasions to which he 
refers. It appears to us evident, from the tenor of Sir William Herschel’s 
remarks on the Milky Way, scattered through his various papers, that he 
considered it to he a vast sidereal system of definite dimensions, and, 
generally S 2 >ealdng, of ascertainable limits. In. his important paper on 
the subject, inserted in the Philosophical Transactio^ts for 1785, he has 
remarked, that even in those cases wherein the gauges were very high, 
the stars were neither so small nor so crowded, as they must have been 
on the supposition of a much farther continuance of them, and when cer¬ 
tainly a milky nebulous appearance must have come on On a sub- 
seq[uent occasion, indeed, he cited some observations of the Milky Way, 
from which it appeared that, notwithstanding the application of higher 
and higher degrees of optical power, there still remained traces of nehu- 
losity in the telescope, indicating that the limits of the stratum had not 
been reached. It is important to remark, how'ever, that the object he had 
in view in citing these observations, was not for the purpose of showing 
that the Milky Way was unfathomable even in those parts to which his 
observations referred, and to which such an expression, in a certain sense, 
was fairly applicable ; but to demonstrate that the nebulosity in the tele¬ 
scope was not of an ambiguous nature—^that, in fact, it was attributable 
to the circumstance of its consisting of stars too remote to be distinctly 
visible by any optical aid that was available, and not to its being in reality 
composed of nebulous matter "f. 

A more serious objection urged by M. Struve against the hypothesis of 
a diminution of the density of the stars in the plane of the Milky Way, 
is founded on the circumstance that an examination of the gauges of 
Herschel conducts to the same law of condensation in. a direction per¬ 
pendicular to that plane, with the law which he found, from the obser¬ 
vations of Bradley and Argelander, to prevail in the immediate vicinity 
of the snn, as far as the stars of the eighth and ninth magnitudes. By 
his researches on the gauges of Herschel, he found that, at a distance 
from the plane of the Milky Way ec[ual to the radius of a sphere com¬ 
prehending the stars of the seventh magnitude, the density of the stars 
was equal to 0.41365, the mean density in the Milky Way being repre¬ 
sented by unity. His examination of the zones of Bessel gave him 
0.40525 for the density at the same distance. In like manner he found 
that, at a distance from the Milky Way equal to the radius of a sphere 
embracing the stars of the eighth magnitude, the density of the stars, as 
deducible from the gauges of Herschel, was represented by 0.31083; 
while, again, the zones of Bessel made the density at the same distance 
equal to 0.28410 1. The near agreement of the results for both classes 
^of stars must, indeed, be regarded as very remarkable, especially when 
we take into con side I’ation the very different sources from which they 
were in each case derived. It may be remarked, however, that the obser¬ 
vations from which these results were derived, however trustworthy they 
may be in point of accuracy, can hardly be allowed to constitute a suf¬ 
ficiently ample basis for establishing beyond doubt so extensive a conclu- 

* Phil. Trans., 1785, p. 247. 

f Herschel cites six of such observations in a paper inserted in the Philosophical Trans¬ 
actions for 1817 (pp. 325, 26, 27), and four additional observations of the same nature 
in a paper published in the following jear (Phil. Trans,, 1818, p. 463). 

J Etudes d’Astronomie Stellaire, p. 77- 
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Bion as tliat relative to the law of the distribution of the stars. Moreover, 
the results of Sir John Herschel’s gauges in the southern hemisphere 
would seem to indicate, that for the stars in the vicinity of the sun a 
different law of density prevails from that deduced hy M. Struve’*'. 
On the other hand, the hypothesis of a gradual diminution of the den¬ 
sity of the stars in the plane of the Milky Way, as well as in a direction 
perpendicular to that plane, is not only consonant to sound philosophy, 
but is also strongly suggested hy analogy from observations of the arrange¬ 
ments prevailing throughout the other systems of the sidereal universe. 

The other alternative suggested hy M. Struve, as an explanation of the 
inconsistency between theory and observation, which he encountered in 
the course of his researches; namely, the hypothesis of a gradual extinc¬ 
tion of light in its passage through the celestial regions, has been objected 
to on very strong grounds hy Sir John Herschel. If such an hypothesis 
were true^, we might reasonably presume that, in consequence of the light 
being everywhere extinguished at the same distance, the Milky Way 
would present a uniform aspect throughout its course. As, however, 
observations of the actual aspect of the Milky Way do not accord with 
this conclusion, the h^^othesis from which it is deduced is manifestly 
inadmissible. 

It is very evident, that in the present state of sidereal astronomy the 
interesting question proposed hy M. Struve, and discussed with so much 
ability hy that astronomer, does not admit of a definitive solution. To 
attain this end it will be desirable to institute an extensive series of obser¬ 
vations relative to the apparent distribution of the stars, both in the 
Milky Way and in a variety of other positions, with respect to the plane 
of the Gralactie cirj^le, employing at the same time telescopes of diflerent 
apertures. By such means alone can we reasonably hope to arrive at 
reliable conclusions relative to the constitution of the great sidereal 
system, which presents itself to our observation under the aspect of the 
Milky Way, and of which the sun, as well as the greater number of the 
stars visible even in the most powerful telescopes, may he regarded in all 
probability as so many of the constituent bodies. 

* See the table of apparent densities for stars of different magnitudes, which Sir John 
Herschel has given at page 382 of his Results of Astronomical Observations at the Cape 
of Good Hope, 
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I. 

IlLUSTBA-TIONS of PbANETABY PFBrUEBATIOi^. 

It is not intended here to attempt a detailed exposition of tbe principles 
of Planetary Perturbation. The object of the following remarks is 
mainly to elucidate the peculiar features of perturbation which characterise 
the^ mutual action of two revolving bodies, the mean motion of one of 
which around the central body is almost exactly double the mean motion 
of the other. Several examples of this mode of perturbation occur in 
Physical Astronomy, one of the most interesting of which relates to 
the mutual action of Uranus and Neptune ; and it is chiefly with the view 
of exhibiting its influence in the theory of these planets that the series of 
illustrative notes, which we now submit to the attention of the reader, 
have been drawn up. 

(1 -) Let us suppose a body to receive an impulse in free space, and to be 
subjected at every instant to the action of a force tending to a fixed j)omt s. 

Let p represent the initial 
position of the body, and let 
ns first suppose it to be pro¬ 
jected in the direction pt, so 
that the angle s p t is obtuse. 
If it was not acted upon after¬ 
wards by any force, it w'ould 
advance along pt with a uni¬ 
form velocity depending on 
the intensity of the impulse; 
and the angle contained be¬ 
tween the radius vector and 
the line p t, representing the 
direction of motion, would con¬ 
tinually increase. The central 
force at s, Kowever, by its in¬ 
cessant action, prevents the 
body from moving in the same direction during any assignable interval of 
time, however short; so that while the body would have described tbe 
small space pq with the velocity due to the impulse, it is in reality con¬ 
strained to move in the curvilinear arc pa; and the angle contained 
between the direction of motion and the radius vector, instead of being 
equal to sqt, is now equal only to sex. It appears, therefore, that the 
central force tends to make the angle contained between the direction of 
motion and the radius vector less than it would be, if the body had pro¬ 
ceeded in tbe direction of the impulse. The same remark evidently 
applies to the case in which the body is impelled in tbe opposite direction 
pt', making an acute angle with the radius vector. 
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. (2.) Since the central force acts obliquely at p, with respect to the direc¬ 
tion of motion, it does not draw the body with its whole intensity out of the 
line p T. If we resolve it into two dii'ections, one of which is parallel to 
the tangent pt, and the other perpendicular to that line, it will at once 
be seen, that only the force wdiich acts in the latter direction is effective 
in pulling the body into the orbit. The intensity of this force is to that 
of the whole central force as the perpendicular upon the tangent to the 
radius vector, or as s y to s p. The remaining element of the force acts 
in the direction of the tangent t and tends to retard or accelerate the 
body, according as it is proceeding towards t or t', its intensity being to 
that of the whole force as p t to s p. 

(3.) It appears, then, that when a body is compelled to revolve in a curvi¬ 
linear orhit, by the action of a force directed constantly to a fixed point, its 
motion is continually retarded as it recedes to a greater distance from the 
centre of force ; while, on the other hand, when the body is approaching 
the centre of force, its motion is continually accelerated. It may be shewn, 
by a strict investigation founded on dynamical principles, that the motion 
of a body, when maintained under such circumstances, is so regiilated, 
that the areas swept o"^!' by the I'adius vector are proportional to the 
times in which the corresponding curvilinear spaces are described by the 
body. This celebrated theorem was first discovered by Kepler, who found 
it to he applicable to the elliptic movements of the planets; and it was 
subsequently demonstrated by Kewton to be true in every case of curvi¬ 
linear motion depending on the action of a central force. 
lib. i., j>rop. i.) 

(4.) Although the central force at s tends to make the angle contained 
between the direction of motion and the radius vector less than it would 
have been if tbe body had been allowed to proceed in the direction of the 
impulse, 'it does not necessarily follow that the same angle, when con¬ 
sidered solely with reference to the orhit in which the body revolves, will 
actually undergo a diminution of magnitude. Thus, although the angle snx 
representing the new' inclination of the path of the body to the radius vec¬ 
tor, is less than s q t, it is not necessarily less than the angle s p t, repre¬ 
senting the angle of inclination at p. In fact the angle contained between 
the line representing the direction of motion and the radius vector, or the 
tangential angle, as we shall hereafter for the sake of brevity denominate 
it, may continually increase or continually' diminish, or it may even con¬ 
stantly retain the same magnitude ; the question of its variation at any 
given point depending on the circumstances which determine the motion 
of the body at that point; namely, the relative values of the radius 
vector, the tangential angle, the velocity, and the force. It is manifest 
that if the deflection of motion at any point he exactly equal to the 
angular displacement of the radius vector, the tangential angle will not 
vary ; if it be greater than the displacement of the radius vector, the 
tangential angle will diminish; if less, the same angle will increase. 

(5.) It may be demonstrated that if the velocity of a body revolving in 
a curvilinear orhit under the influence of a force tending to a fixed point, 
be less than that of a body revolving at tbe same distance in a circular 
orbit under the influence of a force of equal intensity, directed to the 
centre of the chcle, the tangential angle will diminish; hut if the velocity 
be greater tlian that in a circle under similar circumstances, the tangential 
angle will increase. 

(6.) If the velocity of the body at any given point be exactly equal to 
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that in tlie eircl© at the same distance, the tangential angle will neither 
increase h'^r diminish at that point; and, therefore, it may he regarded as 
invariafele for an infinitely short space of time. If this relation hold 
good for every point of the orbit, the tangential angle will always retain 
the same magnitude. The circle is a particular example of the orbit 
described under such circumstances; the force being supposed to be 
directed continually to the centre of the circle. Xn this case the tan¬ 
gential angle is always equal to a right angle. The orbit generally cor¬ 
responding to any constant value of the tangential angle, is represented 
by a curve termed the equiangular spiral. XSTewton has demonstrated 
CPrincipia, lib. i., prop, ix.), that the force required to maintmn a body 
revolving in such a spiral, varies inversely as the cube of_ the distance. ^ 

(7.) Since the circumstances w’’hich determine the motion of a body in 
a circle are, the relative values of the distance, velocity, and force, it is 
clear that the invariability of the tadl^ential angle, in any case of curvi¬ 
linear motion maintained by a central force, will be independent of 
the actual magnitude of the tangential angle at the point under con- 

10 XX 

(8,) We haT© seen, ttat if tlxe motion of a 1)0% be supposed to be free, 
after it has received an impulse in any direction, the angle contained 
between the direction of motion and the xadiue vector ^ill corLtmually 
increase* Hence if the angle of projection be acute, tbei’e is a point 
in the subsequent path of the body at wliicb the direction of motion is 
perpendicular to the i^adius vector. In the case of curyrlinear motion, it 
is manifest that if the tangential angle at any^point be acute, woind 
gradually increase so as to become equal to a right angle, provided the 
body was allowed to proceed in the direction of the tangent* Thus, if the 
body re voir ing at p was allowed to proceeo. in the direction p t , ‘cininfi. nonce d 
by any force, the motion would be perpendicular to the radius vector ; or, 
in other words, the tangential angle would, be equal to a right angle, when 
the hody. arrived at v. Beyond this poitit the tangential angle would, 
continually increase, approaching nearer than any assignable limit to two 
right angles. It follows, therefore, that wdien the tangential angle is 
acute, the body is naturally approaching an apse; and, the central 

force generally tends to diminish the tangential angle, its enect in si^h a 
case is manifestly to the arrival of the body at the aps^ It is 

clear also, that the more intense the central force is, the more infl-ucntial 

will it be in producing such an effect. , 

(9.) When the tangential angle is obtuse, the body, if free to move in 
the direction of the impulse, would continually recede from the p>osition 
in which the direction of motion is perpendicular to the radius vector. 
The central force, however, by tending to diminish the tangential angle, 
manifestly retards the recess from perpendicularity; and if the deflective 
influence of the force so far prevail over the natural tendency of the body 

persevere in the same direction as to occasion an actual diminution Ox 
the tangential angle, the lattei' may be reduced, to such an extent as to 
become ultimately equal to a I'ight angle. In such a case it is manifest 
that the more intense the force is, the sooner will the perpendicularity ot 
the motion with respect to the radius vector he effected. It has been 
remarked that the contrary is true when the tangential angle is acute; or, 
in other words, when the hody is approaching an apse, independently 

of the action of any force. _ ^ , m j 

(^10.) Let us now consider the motion of a body which as compelled to 
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revolve in an elliptic orMt by the action of a force directed contiiinally to 
one of the foci. Let a b o d represent tbe extremities of tb© axes of 
tbe ellipse, and let tbe force tend to the focus s. Let us suppose the 

body to have been originally at the 
upper apse a, and to have received an 
impulse in the direction at at right 
angles, to ca. If no force afterwards 
acted upon the body, it would have pro¬ 
ceeded with a nniform motion along the 
tangent at, and the angle contained 
between the direction of motion and 
the radius vector would have continually 
increased. The influence of the force 
at s, however, is such that while the 
planet would have described the small 
space AQ in virtue of the impulse, it 
is in reality constrained to move in 
the curvilinear arc ar. The amount of deflection also is more than that 
which would he required in order to maintain the peipendicularity of the 
motion with respect to the radius vector; for the new tangential angle 
SK-x is not only less than the obtuse angle sqt, but is even less than 
the right angle sat, representing the angle of projection. From a to b 
the deflection of motion is more than adequate to compensate for the 
angular shifting of the radius v'ector, and the tangential angle in conse¬ 
quence diminishes. The momentary decrement of the angle, however, 
continually diminishes also from a, and finally vanishes altogether when 
the planet arrives at b. At this point of the orbit, the deflection of 
motion exactly compensates for the angular shifting of the radius vector, 
and the tangential angle remains for an instant invariable. As the planet 
revolves from b, the angular shifting of the radius vector, no-vv very rapid, 
from the continued acceleration of the planet, exceeds the corresponding 
deflection of motion; and the tangential angle gradually opens out, 
becoming again equal to a light angle at c, when the radins vector has 
swept over an arc of 1SD° from a. At this point, therefore, the direction 
of motion represented by the tangent c t, is exactly opposite to the direc¬ 
tion of the original impulse. As the planet revolves fi-dm c to d, the 
momentary deflection of motion is still inadequate to compensate for the 
angular displacement of the radius vector, and the tangential angle con¬ 
tinues to open out. The momentary increment of the angle, however, 
which increased from nothing at b, until it attained its maximum at c, 
has since been continually diminishing, and finally vanishes when the 
planet arrives at d. At this point the deflection of motion again exactly 
conij)ensates for the angular* displacement of the radius vector, and the 
tangential angle for an instant neither increases nor diminishes. As the 
planet revolves from n, the deflection of motion is now more than ade¬ 
quate to compensate for the angular shifting of the radius vector; and, as 
a necessary consequence, the tangential angle diminishes, becoming once 
more equal to a right angle when the p>lanet has returned to its original 
position A. The momentary decrement of the angle increases from nothing 
s-t n, until it attains its maximum at a ; from w'hich point it continually 
diminishes, and finally vanishes at b, as has been already stated. 

. (11 •) It appears, then, that when the planet is revolving from mean 
distance to mean distance through the lower apse, the deflection of motion 
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oecaeioned at each suoeessiye instant by the action of the centra! force, is 
inadequaU to com^enssite fox the angular shifting of the radius -recKtarj 
and the tangential angle in conseijuenoe continually enlarges; hut, on 
the other hand, when the body is re’srolviug from mean distance to mean 
distance through the upper apse, the deflection of motion is more than 
adequate to compensate for the angular shifting of*the radius wector, and 
the tangential angle in conseq^uenee continually diminishes. Kence the 
tangential angle attains its greatest contraction when the planet in the 
course of descending to the lower apse has arrived at the mean distance, 
and it has opened out to its greatest extent when, in the course of ascend¬ 
ing to the upper apse, the planet has again receded as far as the mean 
distance. In the former case it will he represented by s b t, and m the 
latter hj^ its supplement s d z. Moreover, the enlargement of the tan¬ 
gential angle is most rapid when the nlanet is passing through the lower 
apse, and its diminution most rapidat the upper apse; while again, 
in each of the positions of mean distance, it remains for an instant in¬ 
variable. 

(IQ.) It has been stated (6), that if, in any case of a body revolving in 
a curvilinear orbit, under the influence of a force tending continually to a 
fixed point, the deflection of motion caused by the force at any assigned 
point, should exactly compensate for the angular displacement of the 
radius vector, so that the tangential angle should remain for an instant 
invariable, the velocity at that point is equal to the velocity in a circle at 
the same distance. Now, since in the foregoing case the tangential angle 
remains for an instant invariable when the xolanet is at the rnean distance, 
we may conclude that the velocity is then equal to the velocity in a circle 
at the same distance. This theorem was originally deduced by Newton 
from his investigation of the laws of elliptic motion maintained by 
the action of a force tending to the focus lib. i., prop, xvi., 

. - . . 

(13.) Let us now suppose a planet to be revolving in an elliptic orbit, 
and to be disturbed by a small force acting for a short space of time in 
the direction of the radius vector. Let us assume the eccentricity of the 
orhit to be so inconsiderable that the radius vector does not deviate sen¬ 
sibly from a perpendicular to the planet’s motion. In such a case the 
disturbing force tends wholly to increase or diminish the tangential angle 
according as it acts outwards or inwards with respect to the central force. 
Let us suppose it to act inwards so as to diminish the tangential angle, 
and let us first consider the case in which it disturbs the planet a little 
after the passage of the perihelion. Since the tangential angle is in the 

course of opening out, the actiou of the 
disturbing force will make it equal to the 
tangential angle at q, a point less advanced 
in the orbit. Now when the planet is in 
the vicinity of either apse, its distance 
from the focus varies very slowly, and the 
same is true respecting the velocity and 
the force. Hence the circumstances which 
determine the path of the planet at p and q may he regarded as identical. 
The new orbit of the planet may therefore be represented by supposing 
the line of apsides of the original ellipse to have revolved in the direc¬ 
tion of the planet’s motion through an angle equal to p s q. In other 
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words, tlie effect of the disturbing force is to mahe the line of apsides to 
progress. 

(14.) It is manifest that the increment of the tangential angle in pass¬ 
ing from Q to p is eq[ual to the excess of the angular displacement of tno 
radius vector over the absolute deflection of motion corresponding to the 
arc included between the same two points. Hence the diminution of the 
tangential angle at p due to the disturbing force is less than the angle 
p s Q representing the progression of the apsides, by the absolute deflec¬ 
tion of the motion of the planet in passing from q to p. 

(15.) Let us now suppose that p has revolved to a sufficient distance 
from the perihelion to occasion a sensible difference in the circumstances 
of motion at p and q. We have seen (11) that the effect of this differ¬ 
ence is such as to make the tangential angle open out more slowly at p 
than at q. Hence it is evident, that if we trace back the motion of the 
planet in the new orbit from p, th# place of the perihelion will be reached 
later than if the motion had been similarly traced back from q, the place 
of the corresponding tangential angle in the original orbit. The line of 
apsides in this case will therefore have advanced through an angle a s a 
(see the figure on the preceding page), which will be somewhat less than 
the angle p s q. It is manifest also, from the circumstance of the velocity 
and force at p being less than the velocity and force at Q, that the motion 
of the planet at the lower apse will now be slo^ver than it was in the 
original orbit; and since the area momentarily described by the radius vec¬ 
tor is not altered by the disturbing force, it follows that the perihlion dis¬ 
tance of the planet will be greater than it formerly was. Now, the mean 
distance being independent of the disturbing force (inasmuch as its direct 
effect is supposed to be confined to an alteration of the tangential angle), 
it is a necessary consequence of the perihelion distance being greater that 
the aphelion distance should be less. It is manifest, therefore, that be¬ 
sides causing a progression of the apsides, the disturbing force tends to 
diminish the eccentricity as the planet revolves from the perihelion. 

(16.) It is easy to perceive, from geometrical considerations, that the 
eccentricity is diminished by the distm'bing force, for unless the perihe¬ 
lion distance of the new ellipse was somewhat greater than that of the 
undistmbed ellipse, it would be impossible for the two orbits to intersect 
each other in p, so that the j)lanet should subsequently move within its 
oi’iginal path—a condition necessarily implied by the diminution of the 
tangential angle at that point. 

(17.) Let us now suppose that the planet while receding from the sun 
has arrived at the mean distance, and let the disturbing force act. At 

this point the momentary variation 
of the tangential angle vanishes. 
Now, it has been remarked (7) that 
the fulfilment of this condition is in¬ 
dependent of the actual magnitude 
of the tangential angle; it will there¬ 
fore still hold good in the present 
case, notwithstanding the diminution 
of the tangential angle occasioned by 
the action of the disturbing force. But the point at which the momentary 
variation of the tangential angle vanishes, is that at which the same angle 
is a maximum or a minimum^ and in an elliptic orbit is one of the points 
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of mean disfajEto-e. Mence it foliowa that in the new, as well as in the 
undisturbefl ellipse, the planet is at the mean distance. Let f denote the 
place of . the planet, p t the tangent of the undisturbed orbit, and p the 
tangent of the new orbit. Now, since in an ellipse the tangent at either 
extremity of the nainor axis is parallel to the major axis, the position of 
the latter will be determined by drawing a' s b"’ parallel to p t'. The line 
of apsides has therefore progressed through an angle egfual to the amount 
of deflection occasioned by the disturbing force. 

(18.) The eccentricity of the new ellipse will be determined by the 
angle s p V, representing the maximum value of the tangential angle. 
The greater this angle is the more eccentric is the ellipse. Jn the present 
case this angle is less than it was in the undisturbed orbit. Hence it 
appears that the eccentricity is diminished hy the action of the disturbing 
force. 


(19.) Tet the planet now he moving towards the aphelion, and, when it 
has arrived at p, let it he disturbed by a small force tending to increase 
the central force at s. Since the tangential angle is now in the course of 

contracting, the immediate efiect of the 
^ disturbing force will be to make it equal 

^ to the tangential angle at q, a point more 

advanced in the orbit; and since the dis- 
/./ \ tance, velocity, and force may be supposed 

jB f ( . . . - equal at p and Q,ln consequence of the 

V ^ y vicinity of the planet to the apse, the cir- 

cumstances which determine its path may 

— _^ be regarded as identical at those points. 

Hence, the new orbit of the planet may 


be represented by supposing the major axis of the original ellipse to 
have revolved through an angle equal to p s q, in a direction contrary to 
that of the planet’s motion; in other words, the line of apsides has 


regressed^ 

(20.) In the foregoing case it has been assumed that the circumstances 
of motion at p and q are identical. Let us suppose, however, that while 
the planet is moving towards the aphelion, its distance from the apse^ at 
the instant when the disturbing force acts, is sufficiently great to occasion 
a sensible difference in the circumstances of motion at p and q. Since 


the tangential angle is closing more slowly at p than at q (11) the planet 
will he somewhat longer of arriving at the apse in the new orbit than if it 
had started in the original orbit from q. Hence it is obvious that the 
line of apsides will have revolved through an angle b s b' (see the above 
figure), somewhat less than the angle p s q. In this case, then, the regres¬ 
sion of the apsides is less considerable than that which results when the 
planet is in the immediate vicinity of the apse. Again, since the velocity 
at p is presumed to be sensibly greater than that at q, "while at the same 
time the motion of the planet in either case is almost perpendicular^ to 
the radius vector, it is clear that the velocity of the plauet at the aphelion 
will now be quicker than it was in the original orbit. The eccentricity 
has therefore been diminished by the disturbing force. This, indeed, is 
readily perceived from the mode in which the t-wo ellipses intersect each 
other; for the aphelion distance of the new orbit is manifestly less than 
that of the original orbit. 

(21.) It will be found, by reasoning precisely similar to that employed 
above that when the planet is revolving from the aphelion to the perihe- 
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lion, tlie line of apsides will regress if the disturbing force should act 
after the passage of the aphelion, but will progress if it should act at the 
mean distance or before the passage of the perihelion; while again, the 
eccentricity in each of these three cases will be increased by the disturbing 
force. 

(22.) We have seen that if the disturbing force should act when the 
' planet is at the perihelion, the effect is then thrown wholly upon the 
apsides, which rapidly progress ; that at the mean distance the apsides 
also progress, (though with less rapidity, the effect now being thrown 
partly upon the apsides and partly on the eccentricity); but that 
if the disturbing force acts when the planet arrives at the aphelion, 
the effect is again thrown wholly upon the apsides, which, however, in this 
case regress. Hence it is obvious, that there must be some intermediate 
point of the orbit between the mean distance and the aphelion at which 
the disturbing force produces no effect on the position of the line of 
apsides. Similarly, it is manifest that there must exist some point between 
the aphelion and the subsequent point of mean distance, at which the 
line of apsides does not undergo any change of position from the action of 
the disturbing force. It may be found by a simple investigation, to which 
we shall presently allude more particularly, that the two points in ques¬ 
tion are the extremities ■p g of the ordinate passing through h the upper 

focus of the ellipse. In fact, as the planet revolves 
from E to G through a, the line of apsides every¬ 
where progresses from the action of the disturbing 
force, the amount of progression inci’easing from 
nothing at f until it attains its maximum at a, and 
subsequently diminishing until it vanishes again at 
G. ^ Similarly, from g to- f through b, the line of 
apsides everywhere regresses from the same cause, 
the amount of regression being greatest at a, and 
diminishing in either direction towards f and g. 

(23.) We have seen that if, when the planet 
is revolving from the lower to the upper apse, the 
disturbing force act a little after the passage of the 
perihelion, at the mean distance, or a little before the passage of fhe 
aphelion, the eccentricity is in each case diminished; hut that, on the 
other hand, when the planet is revolving from the upper to the low'er 
apse, the eccentricity in each of the corresponding cases is ijicreased by 
the action of the disturbing force. Generally it maybe shetvn, that from 
A to B through G the eccentricity is everywhere diminished by the action 
’of the disturbing force, the amount of diminution increasing from nothing 
at A until it attains its maximum at g, and subsequently diminishing until 
it vanishes at b ; and on the other hand, that from b to a through f the 
eccentricity is everywhere increased by the action of the disturbing force, 
the amount of increase being greatest at f, and diminishing from that 
point towards a and b. Thus it appears, that when the variation in the 
position of the apsides is greatest, the variation of the eccentricity is least, 
and vice versa. 

(24.) If we suppose the disturbing force to act in the direction of the 
radius vector so as to diminish the central force at s, it will be found, in a 
sipailar manner, that the effect both upon the eccentricity and the apsides 
will now be precisely the reverse of that produced when the disturbing 
force acts inwards. In this case the eccentricity will increase from A to 
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B through eh, and will diminish from b to a through f ; and on the other 
hand, the apsides-will regress from f to o through a, and will progress 
from GF to P through b. The points -where the variations of both elements 
attain their maximum values, and also those at which they severally 
vanish, will be the same as in the former case, 

(35.) iet ns now consider the effect of a small disturbing force acting 
in a direction perpendicular to the radius vector. In all such cases the 
eccentricity of the orbit is supposed to be so inconsiderable, that the dis¬ 
turbing force may be regarded as acting in the direction of the tangent* 
and eonse<§_uently as tending wholly either to accelerate or retard the 
motion of the planet, Xiet us suppose, then, that it tends to increase.the 
velocity of the planet, and first let it act -vihen the planet is at the 
perihelion. The velocity being now increased, the central force will have 
less control over the planet, and the latter in consequence -taking a -wider 
sweep, will now recede, farther at the mean distance. It is manifest, also, 
since the tangential angle continually enlarges from the perihelioix to the 
mean distance, that it will now open out to a greater extent than it for¬ 
merly did. ISTow, the greater the maximum value of the tangential angle, 
the more eccentric is the orbit. Hence the effect of the disturbing force 
is to increase the mean distance, and also the eccentricity. It is manifest 
that the position of the line of apsides cannot suffer any alteration from 
the action of such a force. 

(26.) XiBt us now suppose the disturbing force to act at the aphelion. 
Since the velocity is increased, the central force will be less effective 
in deflecting the motion of the planet, and the latter in. consequence 
taking a wider circuit, will not approach so near the centre of force at 
the mean distance as it formerly did. Moreover it is naa-nifest, since the 
diminution of the tangential angle continues from the aphelion to the 
mean distance, that when it attains its minimum value, it will be less 
acute than it formerly was. Hence the effect of the disturbing force in 
this case is, to increase the mean distance, and to diminish the eccen¬ 
tricity. 

(27'.) It is manifest that the conclusions above deduced are equally 
applicable if we suppose the disturbing force to act at a little distance on 
each side of the apse, whether the latter refer to the perihelion or the 
aphelion, for the circumstances ivLich determine the path of the planet 
are then almost the same as if the disturbing force had acted exactly at 
the apse. 

(28.) Het us suppose the planet to be revolving from the lower to the 
upper apse, and let the disturbing force act when it has arrived at the 

mean distance e. At this point the 
deflection of motion in the undis¬ 
turbed orbit exactly compensates for 
the angular displacement of the radius 
vector, and the tangential angle in 
consequence remains for an instant 
invariable. The velocity of the planet, 
however, being now increased by the 
action of the disturbing force, the 
momentary deflection of motion -will 
he diminished, and therefore the tan¬ 
gential angle will still continue to open, out, Het e' be the point at -which, 
the momentary deflection of motion in the new orbit is equal to the cor- 
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responding cliange of direction of the radius vector, and let e'' t' be a 
tangent to the orbit at that point. Then, since the angle s e'' t' is greater 
than s E T, it follows that the eccentricity is inci'eased by the disturbing 
force. It is evident, however, that the increase of that element is very 
small, for the planet is in the most favourable position for the retardation 
of its motion by the central force, and consequently the deflection of 
motion is speedily brought to an equality with the angular displacement 
of the radius vector. The position of the major axis of the new orbit will 
be determined by drawing a.' b' parallel to e't', whence it is evident that 
the line of apsides has progressed. It may be shewn, in a similar manner, 
that when the planet is revolving from the upper to the lower apse, the 
effect of the disturbing force at the mean distance is, to diminish the 
eccentricity, and to make the line of apsides regress. In every point of 
the orbit, the mean distance is obviously increased by the action of the 
disturbing force. 

(5i9.) Since the eccentricity is increased at e and diminished at b by the 
action of the disturbing force, it is evident that there is some intermediate 
point at which the disturbing force produces no effect upon that element. 
For a similar reason, there must be some point between b and the follow¬ 
ing point of mean distance at which the eccentricity does not undergo any 
change from the action of the disturbing force. These neutral points are 
found by strict investigation to be e g, the extremities of the ordinate pass¬ 
ing through the upper focus of the ellipse. (See the figure at page 690). 

(30.) Generally it may be shewn, that from f to g through a, the eccen¬ 
tricity is everywhere increased by the action of the disturbing force, the 
variation increasing from nothing at f until it attains its maximum at a, 
and subsequently diminishing by equal degrees until it vanishes at g. 
On the other hand, from g to f through b, the eccentricity is every¬ 
where diminished by the action of the disturbing force, the variation 
being a maximum at b, from which point it diminishes towards f and g. 

(31.) With respect to the line of apsides, it has been found to progress 
if the planet, while revolving from the perihelion to the aphelion, should 
be at the mean distance when the disturbing force acts, and to regress^ 
if the planet, in the course of revolving from aphelion to perihelion, 
should have arrived at the corresponding point of the orbit; while, again, 
at either apse it does not undergo any change of position. Generally it 
may be shewn, that from a to b through g, the line of ajDsides progresses, 
and that from b to a through f, it regresses, the variation attaining its 
maxipaum values at f and g, and vanishing at a and b. Thus it appears, 
that in passing from a disturbing force acting in the direction of the 
radius vector, to one acting at right angles to that direction, an inter¬ 
change takes place between the points of maxima and minima of the 
variations of the eccentricity and the apse. 

(3*3.) If the disturbing force act in a direction contrary to that of the 
planet’s motion so as to diminish the velocity, the effects produced upon 
the eccentricity and the line of apsides will be precisely the reverse of 
those abovementioned. The eccentricity will increase from a to B 
through G, and will diminish from b to a through f; while again the line 
of apsides will regress from f to g through a, and will progress from g to 
F through B. Moreover the points at which the variations attain their 
maximum values, and also those at which they vanish, wall be the same 
as in the case wherein the disturbing force tends to increase the velocity 
of the planet. 
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(33.) The variationindaced in tlie position of the line of apsides by a dis¬ 
turbing force of given intensity is greater, as tbe eccentricity of the orbit is 
less. The truth of this proposition will appear manifest on a very slight 
consideration of the subject. It is easily seen that a variation in tlie posi¬ 
tion of the Hire of apsides is tantamount to a variation of the tangential 
angle in any point of the orbit. Now the variation of the tangential angle 
is slower as the eccentricity is less, the difference between its least and. 
greatest values continually diminishing, until at length, when the orbit 
becomes a circle, the difference vanishes altogether, and the tangential 
angle is constantly of the same magnitude. The same is obviously true 
if the difference refer to any two values of the tangential angle compre¬ 
hended within the extreme values. ITence it follows that the displace¬ 
ment of the line of apsides w'hich will be req^uired in order to adapt the 
orbit to a given alternation in the magnitude of the tangential angle due to 
a disturbing force of given intensity at any point, will he greater as the 
eccentricity of the oi'hit is less. 

(34.) Since the tangential angle varies to a greater extent as the disturb¬ 
ing force is more intense, we may therefore infer conversely, that in order 
to induce an alteration of given magnitude in the position of the line of 
apsides, the intensity of the disturbing force must be greater as tbe orbit 
is more eccentric. 

(35.) TIitlierto we have supposed the disturbing force to act for a short 
space of time and then to cease. If its action be constantly kept up as in 
every case of planetary p>erturbation, the alteration effected in any of the 
elements of the orbit during a given interval of time, may he ascertained 
bj’’ investigating the change for each successive instant, and then sum¬ 
ming up the results. It is easy by nieai:)S of the foregoing principles to 
determine the character of the effect produced in any such case, although 
its exact amount can only ho ascertained by a proces| of computation 
based on the principles of the infinitesimal calculus. 

(30.) Mr. Airy has shewn {Crravitation, notes to Arts. 50 and 05), that 
by a slight modification of the figure given by Newton in Prop. XVII. of 
the first book of the J*rinclpui., tlic elfocts produced ou tlio eccentricity 
and the position of the line of apsides l»y a force acting citlicr in the di¬ 
rection of tho radius vector, or along tlie tangent of tbo orbit, may ho 
clearly exhibited to tlie eye. Sir John Herschel has actually employed 
this mode of expounding the variations of tho eletnonts in question in his 
recently-published Outlines of Astronomy. The simplicity and elegance 
of the investigation will amply justify its insertion hero. 

(BY.) First let us supiposo the disturbing force to act in. the direction of 
the radius vector, so as to increase the attractive force at s. We have 

seen that the direct effect of such a force is 
to diminish the tangential angle. Xet it act 
at p, and let the tangent r t' at that point ho 
dellocted in consequence, so as now to occupy 
tho position x x'. Draw p iff so that the 
angle ii' p x' shall he equal to s p x:, the new 
value of the tangential angle. From i>, set off 
p n' equal to P h. Bisect s .iff iu c'. Then is s o' 
the new eccentidcity of tlie orbit, and a's iffn'' 
the new position of the line of apsides. For, 
by the qiroperty of the ellipse, tbe two lines 
drawn from any given point of it to tlie foci make equal angles with the 
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tangent. Hence the upper focus of the new ellipse must be somewhere 
in the line p b.'. Again, by another property of the ellipse, the sum of 1;he 
same two lines is equal to the major axis. Hence s and n'' will represent 
the foci of an ellipse whose tangential angle at p is equal to s p x, and 
•whose major axis is equal to that of the undisturbed orbit. But by the 
principles of dynamics, the major axis of the ellipse is not altered by 
■fche disturbing force. Hence the truth of the proposition is manifest. 
By varying the position of p, and supposing the disturbing force as 
tending either to increase or diminish the attractive force at s, the 
different results referred to in (22), (23), and (24) may be very easily 
deduced. 


(38.) Next let the disturbing force act in the direction of the tangent, 
so as to retard or accelerate the velocity of the planet. Let it be sup¬ 
posed to increase the velocity and let p be the point at which it acts. In 

this case the tangential angle at p is not 
affected by the disturbing force, but the major 
axis of the ellipse is increased by its action. 
Produce p h so that h h' may represent the 
increment of the major axis occasioned by the 
disturbing force. Join s h', and bisect the 
line s H in c''. Then will s o'' represent the 
new eccentricity of the orbit, and a.' s h' b' 
the new position of the line of apsides. The 
truth of this proposition is so obvious as to 
render any formal demonstration of it super¬ 
fluous. The various theorems announced in (30), (31), and 32) ^ire easily 
deducible from it. 



’ II. 

APPLICATION OP THE FOHEGOING PEINCIPLES TO CEETAIN CASES OP ACTUAL 

PEBTUKBATION. 

(39). Let us suppose t-wo comparatively small bodies to be revolvinf^ in 
circular orbits situate in the same plane, round a large central body s, an cl let 
the mean motion of the interior z’evolving body be almost exactly double the 
mean motion of the exterior one. Let us assume also, for facility of explana¬ 
tion, that the exterior body maintains a fixed position at p, while the interior 

body performs an entirerevolution around 
s. Join s p by a straight line, cutting the 
orbit of the interior body in a and d. 
Then dap will represent the line of 
conjunction of the two bodies. Now in 
those cases of the solar system ■where¬ 
in the mean motion of one revolving 
body is almost exactly double the me£^ 
motion of the other, the effects produced 
by -the mutual perturbation of the two 
bodies are sensible only near conjunc- 
1 1 . ,. tioii. Let us suppose that in one of 

influence of the exterior body first becomes aen- 

vmLdtbL^rtt B, a position some-what less acl- 

n the line of conjunction. It may be easily shewn that the disturb- 
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ing force of the exterior bodj will then be resolvable into two distinct forces, 
one of wbichacts in the direction of the radius vector, and the other in the di¬ 
rection of a tangent to the orbit. The former of these forces acts outwards 
throughout the whole of the arc b a. c, and consequently tends to diminish 
the attractive force of the central body s. With respect to the force which 
acts in the direction of the tangent, or tihe tangential force as it may be 
called, it tends to accelerate the interior body while revolving from b to a, 
and to retard it by like degrees while revolving from a to o. 

(40.) The disturbing influence exercised by the interior body upon the 
exterior one, is also sensible only near conjunction. In this case the 
force resolved in the direction of the radius vector of the disturbed body 
acts inivards, and consequently tends to increase the attractive force of 
the central body. The tangential force tends to retard the exterior 
body before conjunction and to’ accelerate it by like degrees after con- 
junotion. 

(41.) If we suppose the orbits to be slightly eccentric, as when the 
question refers to the mutual action of the celestial bodies, the character 
of the disturbing forces will be the same as above described. It is mani¬ 
fest that in such a case the disturbing body will occasion a continual 
change in the elements of the disturbed body during the time of its 
influence being sensible. Tet us suppose, for example, that the orbit 
A c D B, of the interior body, is slightly eccentric. It is manifest that 
wdien the body is revolving from o to b through n, the elements of its 
orbit will not undergo any material alteration, because the action of 
the disturbing body over that portion of the orbit is so feeble that it 
may be neglected without occasioning any sensible error. As it revolves 
from n to c, however, the elements of the orbit will continually vary from 
the action of the disturbing force, and when it has arrived in the latter 
position, it will proceed to revolve in a new elliptic orbit, the difference 
between the elements of which and those of the orbit in which it was 
revolving previous to its arrival in b, will generally differ for each sy¬ 
nodic. r(!volution. It is manifest, from what has been already said in the 
foregoing x^ages, that the variations thus induced in the elements of the 
orbit of tlie disturbed body, will dexjend mainly on the position of the line 
of apsides of the orbit of each body with respect to the line of conjunction. 

(4a.) Let us now consider more particularly the perturbations produced 
ill those cases of the jilanetary system wherein the mean motions of the 
two rovolviiig bodies are actually characterised by the relation above men¬ 
tioned. One very striking instance of such a relation occurs among the 
Xirimary liodies of the system. The mean motion of Uranus is almost 
exactly double that of Neptune. A similar relation holds good between 
the hrst and second, and the second and third satellites of Juxpiter; and 
also between the first and third, and the second and fourth satellites of 
Saturn (counting outwards from the planet). We shall first consider 
the nmtual action of Uranus and Neptune. 

(4tb) ,'\ccor<ling to the most recent researches of astronomers, the period 
of IJ ran ns is 84.014 years, and tViat of Nexitune, 164.6181 years. Hence 
when l lnnms has conipleted two re volutions, Neptune will have completed 
one re/volntion, and will also have advanced in a second ievolution over 
an ai’i’. corrospondiug to d.409U years. It is manifest, therefore, that ii 
tlio two [(hniets bo siqiposed to have been originally in conjunctioii, Uranus 
after coundot.ing two revolutions, will require to advance a little beijond 
the iioiut of starting, before it can overtake Nex)tune so as to come again 
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into conjunction -with that planet. It may be esasUy shown that Uranus 
will require to advance through an arc equal to 15® 15', before it again 
conaes up with IJTeptnne. The same is true with respect to the third 
conjunction of the planets, .and thus it is evident that the line of conjunc¬ 
tion on each of such occasions will advance through an arc equal to 15° 15' 
m the direction of the motions of the two planets- 

(44.) It has been remarked (41), that the alteration induced in the 
elements of either planet on the occasion of its coryunction with the 
disturbing planet, will depend upon the position of the line of apsides 
of the orbit of each planet with respect to the line of conjunction. Uefc 
us consider the effect which l^eptune tends to prodace on the eccen¬ 
tricity and the longitude of the perihelion of Uranas- If the line of 
apsides of the disturbed planet be oblique with respect to the line of 
conjunction, it is manifest that the variation of the eccentricity cannot 
effect a complete compensation, and therefore a change will ultimately he 
produced in the value of that element, which, will he maintained until 
the planet again arrives within the sphere of the disturbing force on 
the occasion of approaching the next conjunction. It is easy to see, 
therefore, that in such a case the eccentricity of the orbit would undergo 
an alteration, at each successive conjunction. Uet as suppose, however, 
that the eccentricity constantly retains the same value {which is actually 
true in so far as regards that part of the eccentricity which is essentially 
co-existent with the disturbing force, and which is the only part we are 
here considering), and let us enquire into the ciFcii.mstaii,e6S under which 
this condition of permanence can be maintained. Now it appears from (24), 
(30), and (32), that if the line of apsides coincide with the line of conjunction, 
the eccentricity will not undergo any change from the action either of the 
radial or the tangential force. It is manifest, however, that this coin¬ 
cidence can only he maintained by a progressive motion of the line of 
apsides, equal to that of the line of conjunction. Now if the perihelion 
of the plaiiet he turned towards the disturbing body, it follows, from (24), 
that the line of apsides will regress, and therefore, instead of constantly 
coinciding with the line of conjunction, it will immediately commence to 
deriate from that line by receding in the opposite direction. But if the 
aphelion of the planet be turned towards the disturbing body, the line of 
apsides will then lorogress (.24), from the action of the dLsturfoing forces ; 
and, by dulj^ adjusting the eccentricity, the progression may be made 
exactly equal to the progression of the line of conjunction. In this case, 
then, the variation of the eccentricity occasioned by the disturbing force 
will effect a complete compensation at each conjunction, leaving the 
eccentricity of the undisturbed portion of the orbit unaltered, while at the 
same time the line of apsides will advance regularly in tlie direction of 
the planet’s motion with an angular velocity equal to that of the line of 
conjunction, or at the rate of 15° 15' in each synodic revolution of the two 
planets. 

(45.) The eccentricity above referred to, may be considered as .an 
inequality of a perturbative character, inasmuch as the necessity for its 
existence depends wholly on the action of the diaturbing force. It is 
right to hear in mind, however, that its mainteaanee is mainly due to the 
central foice. The direct effect of the disturbing force is, merely to pro¬ 
duce a slight vaiiation of the eccentricity (which, however, effects a com¬ 
plete cornpensation at each conjunction), and to cause a constant progres¬ 
sion of the line of apsides. *• ^ 
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(46.) The more nearly tli© mean motions of the two planets are com¬ 
mensurable, the less will he the angle through, which the line of apsides 
will hare to advance daring each S 3 modic revolution of the two planets, 
and consequently the greater will be the eccentricity depending upon 
the disturbing force- 

(4Y.) The progressive movement of the line of apsides is mainly due, 
to the part of the disturbing force which acts in the direction of the' 
radius vector. !Por, in the first place, the tangential force vanishes alto¬ 
gether at the point of conjunction, where the disturbing force is most 
intense ; and, in the second place, its influence in altering the position of 
the apsides is very feeble Bear conjimction (where alone the disturbing: 
force is sensible), since, by (31), its effect vanishes at the aphelion, which,, 
in this case, always coincides with the point of conjunction. On the other 
hand, the radial force is not only most intense at conjunction, hut is also 
most effective (24) at the same point 

(48.) If we had considered the perturbation of Neptune hy Uranus, 
it would readily appear, by (22), that it is the perihelion of the disturbed 
orbit which, in this case, would require to be turned towards the point of 
conjunction, in order that the line*of apsides might progress; and it is 
manifest that, by a due adjustment of the eccentricity, the amount of ad¬ 
vance during each synodic revolution might be rendered exactly equal to 
the advance of the line of exjunction. Thus the eccentricity would con¬ 
stantly retain the same value, while the line of apsides would regularly 
progress, coinciding always with the line of conjunction. 

(49.) "With a view to illustrate the foregoing remarks, we insert the- 
principal terms of the mutual perturbations of both j)lanets, exclusive of 
those arising from independent eccentricity, the influence of which Ave 
are not at present considering. In calculating these terms, a mean, dis¬ 
tance equal to 1©. 18239 has been assigned to Uranus. The mean dis- 

* If vve exclutle froaa <t%»n&ideration tbe tangential force, as incapable of exercising any 
influciice npoti tbe ckmtxfter of tbe perturbative effect, it is easy to see that tbe disturb¬ 
ing force, by acting ontisards in tire direction of tbe radius vector, tends continually to 
twist round the line of apsides in the direction of the planet’s motion. First, let the 
planet, he advancing towards conjunction. In this case the tangential angle is obtuse, 
and the planet is naturalfy receding from the position in which the radius vector is per¬ 
pendicular to til® tangent;; h»t the deflective influence of the central force is so pow’erful, 
that the tangential angle fe actually contracting, and is again rapidly approaching to a 
right angle. Hence tte disturliiag force, by weakening the influence of the central body, 
diminishes the deflection of tbe orbit, and thereby retards the perpendicularity of the 
tangent with respect to the radius vector. It is manifest, therefore, that the planet will 
require to revolve thronglk an angle of somewhat naorc than ISO'^ from the perihelion before 
it arrives at the srpiiciion* o.r, in olber words, the line of apsides will have progressed. "With 
respect to the influence ©f the disturbing force after the passage of the aphelion, it is to be 
remarked, tliat if the csentral force were diminished in due proportion throughout the whole 
semi-ellipse, extendhig Iroia the aphelion to the perihelion, the position of the line of 
!if)sides would not uncSergev any change. It is evident, therefore, that the character of 
the effect produced after the passage of tbe aphelion (whether progression or regression') 
will be the same as If the cemtTal force was incrcctscd! a little before the arrival of the planet 
in the peribelion. Now when the planet is approaching the perihelion, the tangential 
angle is rapidly opening out, from the natural tendency of the body to persevere in the 
same direction ; and tbe efficacy of the central force consists in opposing its enlargement, 
a\id tlioreby retarding; the arrival of the planet at the apse. It is evident, therefore, that 
the effect of an Increase ©f tbe central force will he to retard, in a still greater degree, the 
arrival of the planet in such a position- It appears, then, that the action of Neptune upon 
Uranus causes the line ©f a|mdcs to progress both before and after conjunction. It inay^ 
he shewn, in a similar way, that the action of Uranus ujion Neptune will cause the line of 
apstdea^ of flic distarhed ©idit lo prpgreBS at eadh conjunction- 
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tance of Neptune lias been assumed equal to 30.0303, agreeably to the 
researclies of Mr. Walker of WasMugton, U- S. The mass of eaoli 
planet is supposed to be equal to sun’s ^ass being ropro- 

sented by unity* The angle denotes the excess of tixe moan loiigi" 
tude o£ Uranus above that of Neptune. 


PEETUBBATION OF TIltriD 
Keptune disturbing Uranus. 


= “ 33"'.5 37 sin (p 
— 815.596 sin 

-f- 1,3.943 sin Sq 

-f- 3.146 sin 4.q 

“P l.Ooo sin ^q 

-j- 0.4S3 sill 6q 
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Uranus disturbing Neptimo. 

= 4 - 3 5 S". 836 sin q 
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-r- 3. 094 sill 3:55 
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Neptune disturbing Uranus- Uranus disturbing Neptune. 



O.OOOS5 cos q 
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0.01085 cos p 

4. 
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O.OOOS3 cos Sq 



0.00038 cos 35 ) 


0.00031 cos dp 



0.00010 cos 4^ 


0.00008 cos 6q 

» 

+ 

0.00004 cos 6q 


0.00008 cos 6p 



0.00003 cos 0?) 


t'oO.) The enormous magnitude of one of the terms in each of tlicso 
four columns relatively to the others cannot fail to strike the reader. _ Xt 
is to be remarked also, that while in the case of Neptune disturbing 
Uranus, the preponderating term is the second in the column, both when 
the perturbation of longitude and that of the radius vector are considered, 
on the other hand, in the case of XJranus disturbing Neptune, it is l.hc 
first term in each column which is the preponderating one. Xhiially, the 
sic(7i of the preponderating term in the column representing the action 
of Neptune upon the longitude of Uranus is negative, while that of tlio 
corresponding term in the column which represents the action of Uranus 
upon the longitude of Neptune is positive; and the contrary holds good 
when the question refers to the perturbation of the radius vector. All 
these points may be easily explained by reference to the principles which 
govern the mutual action of the two planets. 

(51.) First let us consider the predominant term in the perturbation of 
the longitude of Uranus by the action of Neptune. It has been stated, that 
q denotes the excess of the mean longitude of Uranus over the mean 
longitude of Neptune. Hence, if dui’ing a synodic revolution w'O reckon 
the longitudes from the point of conjunction we have q — n^t — and 

3 ?; = (3 — 3 «,«) t — (^ — (fi — Wj) ^ t, denoting the- 

mean annual motions of Uranus and Neptune. Now 7^3 =: 7873".77, and 
consequently % — 16745".54. Again, vi^ = 15425".64. Flonco 

3 ^3 — = 319". 90, which is a very small quantity relatively to 

?rj or 313 , and therefore 3 (p = ■— ( 3?^3 — n i) ^ t n^t very nearly. 

We have, therefore, 815".596 siu2q == 815.696 sin pZm a small quan¬ 
tity of variable value. Now 815". 5 96 sin n^t represents the principal term 
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of tlie equation of the centre in an ellipse wliose eccentricity is equal to 
0.00197, and, since the sign of the term is negative, it necessarily follows 
that the aphelion is turned towards the point of conjunction. 

(53.) It appears, then, that if we refer the motion of tlie planet to 
the line of conjunction, the predominant term of the perturhation in 
longitude becomes confounded with the principal inequality of an ellipse 
whose aphelion coincides with the point of conjunction. The same con¬ 
clusion is obviously deducible from an examination of the corresponding 
term in the perturhation of the radius vector. 

(53.) Let us now consider the predominant term in the column re¬ 
presenting the action of Uranus upon the longitude of Neptune. In this 

case (p 5= n{t — n.J; ~ t — ^ — (3 ^ t==.n^ 

nearly, and consequently 953''^.836 sin p = 352'''-836 sin ^lus 

a small quantity of variable value. Now 252'^. 836 sin n.J^ represents 
the principal term of the equation of the centre in an ellipse whose 
eccentricity is equal to 0.0006. Hence arises an ellip)tic inequality ana¬ 
logous to that produced hy the action of Neptune upon Uranus, the only 
difference being, that in this case it is the perihelion which is turned 
to the point of conjunction, a circumstance implied by the ^^ositive sign of 
the inequality. It is manifest that the corresponding term in the pertur¬ 
bation of the radius vector is consistent with this conclusion. 

(54.) It appears, then, that the predominant term in the perturbation 
of the longitude of each planet represents the equation of the centre 
in an ellipse, in the focus of which the sun. is placed. It is manifest, 
therefore, that the inequality is maintained during each synodic re¬ 
volution by the action of the central force, being perturbative only in 
so far as the line of apsides is continually twisted round in the direction 
of the planet’s motion. The remaining terms of perturhation in each case 
may be considered as representing the effects more directly due to the 
disturbing force. 

(55.) The mean motions of the two planets being very nearly commen¬ 
surable, it is manifest that a slight change effected in the value of either, 
would exercise a very considerable influence on the displacement of the 
line of conjunction, and consequently would affect, in an equal degree, 
the progression of the line of apsides. Now the eccentricity thus depending 
on j)e!rturhation must always be adjusted to the motion of the apsides, 
increasing as that diminishes, and -rice vej'sd. When the motion, of the 
apsides is very slow, a slight diminution of its value occasions an enor¬ 
mous increase of the eccentricity. Now, in. the present case, the more 
nearly the mean motion of the iirterior pdanet approaches to twice the 
moan motion of the exterior one, the slower will be the motion of the 
points of conjunction, and, consequently, so will be that of the line of 
apsides. Hence it is manifest, that the eccentricities of the two planets 
will increase indefinitely as their meatx motions satisfy with greater accu¬ 
racy the relation just mentioned. This relation corresponds to a mean, 
distance of Neptune equal to 30.4507, the radius of the terrestrial orbit 
being assumed equal to unity. 

(50.) When the mutual action of the planets is viewed, through the 
medium of analysis, this porinciple exhibits itself in the form of the co¬ 
efficient of the predominant term, which has for* a divisor the square of 
(2^3 — It is manifest, that when this quantity is very small, a slight 
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change in the mean motion of either planet •will occasion an enormous 
alteration in the value of the coefficient, which is divided by the square of 
the same quantity. 

(bt.) The remaining terms of the perturbation vary only in a degree 
commensurate with the change wliich may be effected in the mean motion 
of either planet. This circumstance arises from their being mainly 
dependent on the direct action of the disturbing force, the intensity of 
which cannot he expected to undergo a considerable change in conse¬ 
quence of a slight alteration in the relative values of the mean distances 
of the two bodies. 

(58.) We have hitherto supposed that neither the orbit of Uranus nor 
that of Neptune possesses any eccentricity except what arises from their 
mutual action. In reality, however, both orbits are slightly eccentric, 
independently of the effects of perturbation. In consequence of this 
circumstance, the mutual distance of the t\YO planets will vary at each 
successive conjunction ; whence it is manifest that the intensity of their 
disturbing forces will undergo a corresponding variation. Now, in con¬ 
sequence of the near commensurability of the mean motions of the two 
planets, the line of conjunction shifts with extreme slowness, its displace¬ 
ment during a synodic revolution amounting only to 15° 15'. The dura¬ 
tion of a synodic revolution is IT 1.6 years; whence it follows that the line 
of conjunction will not accomplish a complete revolution before the lapse 
of 4051 years. During this poeriod the disturbing forces of the two 
planets will be constantly varying in intensity, returning only at its close 
to their original values. 

(59). It is easy to see that this variation of the intensity of the disturbing 
forces of the two planets will occasion corresponding variations in the 
elements of both orbits, requiring an equal lap)se of time to effect a com¬ 
plete compoensation. Hence the mean distance, eccentricity, and longitude 
of the perihelion of either planet, will be subject to an excessively slow 
variation, which in each case will poass through the cycle of its values in a 
period of 4051 years. The variation of the mean distance will pro¬ 
duce a corresponding variation in the mean motion of each planet, and 
hence will originate an inequality in the mean longitude analogous to the 
long inequality of Jujoiter and Saturn, and several others to which we 
have had occasion to allude in the course of this work. 

(60.) The circumstances which determine the long inequality of Uranus 
and Neptune are less favourable to its magnitude than those which deter¬ 
mine the analogous inequality in the longitudes of Jupiter and Saturn, 
inasmuch as the masses, eccentricities, and inclinations of the disturbing 
planets are less in the former case than in the latter. In one respect, 
iio-wever, the magnitude of the inequality is liable to be much greater in 
the case of Uranus and Neptune than in that of JupDiter and Saturn, or 
any other two planets yet discovered, whose mean motions are nearly 
commensurable. In the case of Jupiter and Saturn, every three conjunc¬ 
tions take place in different poarts of the orbit, and it is merely the minute 
quantity which remains outstanding after every such triple conjunction, 
that is allowed to accumulate upDon the longitude. With respect to the 
long inequality of the Earth and Yenus, the accession to the mean longi¬ 
tude is only what remains uncompensated after every fifth conjunction of 
the two planets. On the other hand, in the case of the long inequality of 
Uranus and Neptune, every two successive conjunctions occur in the same 
■paxt of the orbit, the interval included between them being merely the 
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small displacement arising from the absence of perfect coinmensurability 
in the mean motions of the two planets. In consequence of this circum¬ 
stance, it happens that the whole effect produced by the disturbing planet 
at each successive conjanction is accumulated upon the mean longitude. 

(61.) A similar conclusion is suggested by the analytical view of the 
subject. In the case of Jupiter and Saturn, the inequality is mainly 
represented by a class of tei’ms, which are only of the third order of mag¬ 
nitude with respect to the eccentricities and inclinations of the two 
planets- The long inequality of the Earth and Venus depends upon a 
series of terms, the most considerable of w^hicli are only of the Jifth order 
of magnitude with respect to the eccentricities and the inclinations. On 
the other hand, the long inequality of Uranus and Neptune is mainly con¬ 
tained among a class of terms which are as high as the Jir-st order of 
magnitude relatively to the same elements. 

(63.) The more nearly the mean motion of Uranus apx3roaches to 
double the mean motion of Neptune, the more slowly will the line of con¬ 
junction of the two planets advance, and consequently the longer will the 
inequality in the mean longitude continue to vary in the same direction. 
Hence it is manifest, that the maximum value of the inequality will 
increase as the mean motions of the two planets are more nearly com- 
mensurahle. 

(63.) It appears from the foregoing consideration, that the more perfect 
coinmensurability of the mean motions of the two planets tends to 
promote the ultimate magnitude of the long inequality, by prolonging the 
time during which it continues to accumulate uj)on the mean longitude. 
We have seen that the elliptic inequality depending upon perturbation 
increases also with the more conimensurability of the mean 

motions of the two iJanets, in consequence of the slower motion of the 
line of conjunction hence resulting, which creates the necessity of a 
greater amount of eccentricity, so as to oppose an adequate resistance to 
the clistiirbiug force, in its tendency to twist round the line of apsides 
which must alwaj'-s advance at the same rate as the line of conjunction, 
la the former case the inequality results from the direct action of the dis¬ 
turbing planet at each successive conjunction, and depends, for its ultimate 
magnitude, on the length of time during which the effects thus produced 
are allowed to accumulate upon the mean longitude. In the latter case 
the inequality arises from the piowerful agency of the central force, and is 
developed in a single synodic revolution. 

(04.) It has been stated that the system of Jupiter’s satellites piresents 
two instances in wdiicli the mean motion of one of the disturbing bodies is 
almost exactly double the mean motion of the other. In effect, the first 
satellite performs a sidereal revolution in 1'^ 18^^ 27”' 34®, and the second 
satellite in 3^^ 13'' 13"' 42”. Hence two revolutions of the first satellite 
will be completed in 3‘' 12'' 56”' 8®, an interval of time which falls short 
of one period of the second satellite ly only I 7"' 31'''. In consequence of 
this circumstance, tlio line of conjunction of the two satellites shifts with 
extreme slowniess, through an arc of little more than 2°, at the 

close of each synodic revolution. lienee arises in the motion of each satel¬ 
lite a largo elliptic inequality of a perturbative cliaracter, resembling that 
produced by tlic mutual action of Uranus and Nep:)tune, with this interest¬ 
ing distinction—that as the line of conjnnction now regresses, it is the 
loxrer apse of the interior hody and the vjq)C7' apse of tlio ewiarior one which 
will require to he turned constantly to the point of conjanction, in order 



APPENDIX. 


eo» 

tbat tile line of apsides of the orbit of either body may aTways coincide with 
the line of conjunction. 

* third satellite of Jupiter accomplishes a sidereal revolution 

r»>> ^ 33*; Now two periods of the second satellite are equal to 

7 d QM 27 m 24 s, which differs from one period of the third by only 
8®. This case, then,^ is clearly analogous to that of the first and second 
satellites. In fact it is easy to infer, from the remarkable relation between 
the mean motions of the three interior satellites mentioned at page 93, 
that the mean motion of the second satellite exceeds twice the mean 
motion of the third by a quantity which is exactly equal to the excess of 
the mean motion of the first satellite over twice the mean motion of the 
second. The line of conjunction of the second and third satellite will 
therefore regress at the same rate as the line of conjunction of the first 

hence will arise a large inequality in the motion of each 
satellite, resembling the one mentioned in the foregoing article. The 
motion of the second satellite is thus affected hy two elliptic inequalities 
01 a perturbative character, depending upon the combined action of the 
third satellites, and in consequence of the remarkable relation 
"v^ich subsists between the mean longitudes of the three interior satellites, 
the two inequalities are thoroughly confounded together, so as to assume 
the complexion of only one great inequality (see p. 89). 

• Astronomers have been unable to discover the slightest trace of 
iixa-BpoiidoTit eccontricity in tlic orbit of tbs first satollito of Jupiter. TVitli 
respect^ to the^ orbits of the second and third satellites, the independent 
eccentricity is in either case exceedingly small. Iii consequence of this 
circumstance, no sensible evidence has been derived from observation, of 
the existence of a long inequality in the mean longitude of any of the 
satellites, depending on the near commensurability of their mean 
motions. 

(67.) Some of our readers may perhaps find it difficult to reconcile the 
toregoing remark with the fact of Bradley’s discovery of a great inequality 
interior satellites, the period of which he found to extend to 
437 days, which vastly exceeds the duration of a synodic revolution of 
either of the^ satellites. It is to be borne in mind, however, that the ex- 
istence of this inequality was indicated solely by observations of eclipses 
of the satellites. Now, in the case of an elliptic inequality of a perturba- 
tive character, depending on the mutual action of any two of the satellites. 
It will manifestly pass through the cycle of its values when the two satel¬ 
lites return to the same position with respect to the line of conjunction. 
If, however, the inequality be considered solely with reference to its 
influence upon the times of the eclipses of the satellites, it will not in 
either case effect a compensation during the period comprised between 
two successive oppositions of the satellite with respect to Jupiter ; for 
while the line of conjunction of the satellites has regressed, in virtue of 
the relation between their mean motions, the planet whose position, rela¬ 
tively to the sun, determines the time of the eclipse, has revolved in the 
opposite direction, and it is manifest that a complete restoration of the 
inequality cannot be established until the satellites have returned to the 
same position with respect to the line of conjunction, and the axis of 
. ^ shadow. Hence the long inequality discovered by Bradley is 

rather apparent than real, being merely the consequence of adopting a 
restnctive Yiew of the mode in which the eUiptical perturbation affwts the 
motions: of the satellites. 
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(68.) Th,@^splaieroidal figure of Jupiter exercises a considerable influence 
on the motions of the satellites, and thereby occasions their obserred 
perturbations to be materially different from those "which "would be pro¬ 
duced by their mutual action. The reader will find a complete exposition 
of the theory of this interesting system in IMr. Airy’s treatise on 
Gravitation. 

(69.) Two remarkable instances of commensurability similar to those 
already noticed in the foregoing pages, are suggested by a comparison of 
the mean motions of Saturn’s satellites. According to Sir John Herschel 
{Outlines of Astronomy, Ajppendix), the innermost satellite (Mimas) ac¬ 
complishes a sidereal revolution round the planet in 0*^33^ 37”^ 
and the third satellite (Tethys) in 18’^ 25?.7., Hence^ Mimas 

completes two revolutions in 1^ 21^ 14’"® 45®.8 ; an interval of time which 
falls short of one period of Tethys by only 39®.9, Hence it is easy 
to infer that the line of conjunction of the two satellites regresses with 
excessive slowness; the displacement during a synodic revolution amounts 
in effect only to 58'. It is manifest that, in consequence of this 
circumstance, an elliptic inequality of a perturbative character will be 
developed in the motion of each satellite, exactly resembling the elliptic 
inequalities depending on the mutual action of the first and second and 
on the second and third satellites of Jupiter. Again, the second satellite 
of Saturn (Enceladus) effects a complete sidereal revolution in 1*^ 63“^ 

6®.7, and-the fourth satellite (Dioue) in 2*^ 17^^ 41”^ 8®.9. Hence two 
periods of Enceladus amount to 2*^ 17^ 46’^ 13®.4, an interval of time 
which ra76‘(?rds one period of Dione by 5”^ 4®.5. The line of conjunction 
of the t^YO satellites will, therefore, advance in the direction of their 
orbitual motion at the rate of 55' in each synodic revolution. In this 
case, then, the elliptical inequality in the motion of each satellite de¬ 
pending on their mutual perturbation, will resemble the inequality of the 
same nature occasioned by the mutual action of Uranus and Neptune. 

(70.) In consequence of the excessive slowness with which the line of 
conjunction shifts in each of the foregoing cases, it might be expected 
that a very large amount of eccentricity depending on perturbation would 
be developed in the orbit of each satellite. The theory of the motions of 
these bodies is, however, still in a very imperfect condition; a circurn- 
stance arising from the difficulty of making accurate* observations of their 
positions. Moreover, it is probable that, as in the case of Jupiter and his 
attendants, the spheroidal figure of the central body modifi.es in a con¬ 
siderable degree the perturbations which would otherwise eusue from their 
mutual action. 


III. 

BEMA-EKS ON OBETAIN OTECUMSTANCES CONNECTED WITH THE DISCOVEKT 

OF THE PLANET NEPTUNE. 

(71.) Allusion has been made (p. 202) to the remarkable discordance 
whiijh presented itself between the elements of Neptune as determined by 
cadual observations of the planet after its discovery, and the correspond¬ 
ing results which Adams and Le Verrior had previously obtained by a 
theoretical investigation of the observed irregularities of Uranus. It was 
soon found, ho-wover, that this circumstance did not affect the accuracy 
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of the solutions of tlie inverse problem of perturbation due to tliese 
distinguisbed geometers, or detract from the merit of their researches insa 
far as the main object of them was concerned; namely, the ascertainment 
of the position of the disturbing body with a view to its physical discovery. 

(73,) No difficulty can be experienced in arriving at the conclusion, that 
elements widely different from the true values might serve to indicate 
the position of the disturbing body with sufficient accuracy, pi'ovided 
the following two facts be borne in mind:—first, that the action of 
Neptune upon Uranus is sensible only near conjunction; secondly, that 
during the interval embracing the observations of Uranus which formed 
the groundwork of the investigations of both Adams and Ue Verrier, there 
hapjjened only one conjunction of the two planets. Thus the disturbing 
influence which Neptune exercises upon Uranus is sensible only for about 
twenty years before, and about an eq[ual interval after, conjunction. Again, 
the last conjunction happened in the year 1823, and; as the period of a 
synodic revolution of the two planets is 171.6 years, it follows that the- 
previous (mean) conjunction happened in the year 1650. Now the earliest 
observation of Uranus is one by Flamsteed in the year 1690, at which 
epoch the action of Neptune was, therefore, quite insensible. 

(7S.) It is manifest from the foregoing considerations, that the question 
relative to the discovery of the distui'bing planet was resolvable by 
means of any elements which might be capable of representing the 
intensity and direction of the disturbing force on the occasion of the last 
conjunction in 1833. Now, when it is borne in mind that the mean distance, 
the eccentricity, the longitude of the perihelion, and the mass of the dis¬ 
turbing body may be varied at pleasure, it is not difficult to see that this 
object may be effected by means of a variety of sets of elements all very 
different from the real elements of the planet. Thus if the mean dis¬ 
tance be assumed too great, the error arising in consequence may be 
obviated by increasing tbe eccentricity in a corresponding degree, and 
placing tbe perihelion so as to coincide nearly with tbe point of conjunc¬ 
tion. ^ Moreover, if it should happen that the intensity of the disturbing 
foi-ce is represented with a less degree of accuracy than its direction by 
such an adjustment of the elements of the orbits, this defect might be 
remedied by assigning a suitable value to the mass of the disturbing body. 
It is by such an adjustment of the elements of tbe disturbing iDlanet, that 
Le Verrier and Adams succeeded in indicating its actual position with 
such remarkable precision, as may be easily seen by comparing their 
elements with those subsequently deduced from "actual observation. It 
is not difficult to conceive that if a mean distance less than that of the- 
true value had been assumed, the direction of the disturbing force might 
have been reiDresented by increasing the eccentricity and turning the 
aphelion to the point of conjunction. 

(74.) If the observations of Uranus, upon which the researches of 
Ue Verrier and Adams were based, had embraced more than one conjunc¬ 
tion of that planet with Neptune, the elements of the hypothetical planet 
w-ould manifestly have been confined within narrower limits. It is pro¬ 
bable that the difficulty which both of these geometers experienced in. 
accounting for Flamsteed's observation of 1690, arose from the circum¬ 
stance of the planets of their respective theories being capable of occa- ■ 
sioning considerable disturbance in tlie motion of Uranus at an epoch 
when the action of Neptune was totally insensible. This view of the 
subject is still further strengthened by the fact that the American 
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astronomers,/by applying to the elliptic motion of Uranus the perturba¬ 
tions produced by Neptune as represented by the formnlce of analysis, have 
succeeded in satisfying the observation of 1690 vvith almost perfect accuracy, 
the outstanding error being less than V'. The question appears to admit of 
a dehnitive solution by adopting the following mode of procedure :—Since 
the action of Neptune upon Uranus continued insensible from 1670 to 
1800, it necessarily follows that the motion of Uranus, after subducting 
from it the effects produced by the disturbing action of the other planets, 
was purely elliptic during the whole of the interval of time included 
between these two epochs. Hence it is obvious, that if the elements of 
Uranus be deduced from a sufficient number of observations made within 
the included interval, the motion of the planet, when calculated from 
.•such elements, ought to satisfy the totality of the observations, extending 
from 1690, the year of Flamsteed's earliest observation, down to 1800, 
»or even a few years later. 

(75.) The elements of Neptune being considerably different from those 
•of the hypothetical planets of Le Verrier and Adams, and its mean motion, 
being nearly commensurable with the mean, motion of Uranus, the theory 
of its action upon the latter planet presents a wide discordance, when com¬ 
pared with the theory of either of the geometers just mentioned. It 
is to be borne in mind, however, that this circumstance is immaterial, 
when the question relates merely to the perturbations produced in the 
motion of Uranus, on the occasion of one conjunction with Neptune. 
Prof. Peirce, however, took a different view of the subject. Pie con¬ 
tended, on the ground of the discordance above referred to, that Neptune 
was not the planet designated by geometry, and that, in fact, its discovery 
mnst be regarded as a happy accident. “ The solutions of Adams and 
he Verrier,” says he, “are perfectly correct for the assumption to which 
they are limited, and must be classed with the boldest and most brilliant 
attempts at analytical investigation, richly entitling their authors to all 
the hlat which has been lavished upon them on account of the singular 
success with which they are thought to have been crowned. But their 
investigations are nevertheless wholly inapplicable to the theory of the 
mutual perturbations of Uranus and Neptune. The successive periods 
•of conjunction and opposition, occurring at intervals of eighty-four years, 
that is, in about the time of a revolution of Uranus,- this planet is always 
at the same part of its orbit when it is most affected by the action of 
Neptune. The action of Neptune consequently assumes a fixed, perma¬ 
nent undisturbed character, so that it can hardly he recognised as pertur¬ 
bation by the practical observer. It is far otherwise with the ordinary 
class of perturbations, where the place of greatest disturbance varies from 
point to point of the orbit: thus tlie place of greatest disturbance, in 
the case of the theoretical planet, would not have remained stationary, 
but have varied 80" upon the orbit of Uranus at each successive conjunc¬ 
tion and opposition; so that the disturbance could not in this case be 
disguised to any great extent under the fixed laws of ordinary elliptic 
motion. In the case of Neptune, its action on Uranus is to be detected 
in the comparatively small differences between its character and that of 
an elliptic motion, and the difference between the influence at opoposition 
and that at conjunction.”* 

(76.) The assertion of Prof. Peirce—that the investigations of Adams and 
Le Verrier are inapplicable to the theory of the mutual action of Uranus 
* Proc. Anier. Acad, of Arts and Sciences, vol. i., n, 341. 
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andHeptune—^is perfectly just.. But it seems surprising tliat so excellent 
a mathematician should contest upon this ground the claim of geometry to 
thediscoYery of the planet Neptune. What matters it, although the succes¬ 
sive conjunctions of Uranus with the hypothetical planet shift to the extent 
of 80®, while in the case of the real planet the line of conjunction continues 
immoveable (or rather undergoes only a slight displacement), xchen ther& 
are only the perturbations produced at one conjunction to satisfy by the 
action of the disturbing body? for the perturbations produced by Neptune 
during opposition may be excluded from consideration as wholly insen¬ 
sible, 

(77.) If indeedit be true, as Prof. Peirce remarks, that the perturbations 
produced hy Neptune upon Uranus, in so far as its action during one 
synodic revolution is concerned, assume to a great extent an elliptic 
character in consequence of the near commensurability of the mean mo¬ 
tions of the two planets, it might then be fairly questioned whether it 
would he practicable, in any case whatever, to deduce by a legitimate process 
the position of the disturbing body from data so minute as the outstanding 
deviations from elliptic motion must necessarily be. This conclusion, 
however, can only be arrived at hy losing sight of the true character of 
the ellipticity depending on perturbation. In the case of the mutual 
action of Uranus and Neptune, it arises from the mean motion of the 
former planet being a small fraction less than twice the mean motion of 
the latter. According to Walker’s researches the mean distance of Nep¬ 
tune is 30.0363. Now if it was equal to 80.4507, the mean motion of 
Uranus would be exactly equal to twice the mean motion of Neptune. 
Hence it follows that, by increasing the mean distance of Neptune so as 
to make it approach indefinitely near to 30.4507, the ellipticity depending 
on perturbation maybe increased without limit, the mass of the disturbing 
body and all other circumstances remaining the same. It would be absurd 
to suppose that the slight change in the distance of the disturbing body 
could produce such an effect. In reality, however, this circumstance tends 
to weaken the intensity of the disturbing force, since the mutual distance 
of the two planets in conjunction obviously increases as the mean distance 
of the exterior planet increases. Nor can the indefinite increase of the 
inequality he explained by the principle of the disturbing force acting 
daring a longer period of time as the mean motions of the two planets 
approach more nearly to perfect commensurability, since the inequality in 
all cases passes through the cycle of its values in the course of a synodic 
revolution of the two planets. The conclusion is therefore unavoidable, 
that the maintenance of the inequality is entirely due to the central force, 
as has indeed been already shown by an examination of the mode in which 
the forces operate. 

(78.) This point, then, being once established, we must look elsewhere 
for the effects of the disturbing force. If the orbits of both planets 
were independently circular, these effects would consist in a uniform 
displacement of the zero points of the inequality above referred to, and a 
slight disturbance of its maximum value (without, however, inducing any 
permanent change) on the occasion of each conjunction. Since the oihits 
of both Neptune and Uranus possess an independent eccentricity, the 
effects actually produced by the disturbing body at each conjunction, will 
admit of being represented by a variation of the perihelion and the eccen¬ 
tricity, the magmtude of which, in either case, will generally differ for 
each successive g>njunction. Now in the case of the last conjunction of 
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Uranus and Neptune, the disturbing force of the latter planet was repre¬ 
sented verj nearly, botb. in intensity and direction, by tbe disturbing force 
of either of tbe bypotbeticsal planets of Adams and Le Verrier. Hence, 
as m^e causes produce life© effects, we are warranted in concluding that 
tbe irregularities wbicb eitber of tbe bypotbetical planets would have 
been capable of producing on tbat occasion are exactly commensurate in 
magnitude witb tbose actually produced by tbe planet Neptune, and there¬ 
fore afford an equal bold to tbe geometer for investigating tbe position of 
tbe disturbiug body. In fact, it will appear obvious on tbe slightest con¬ 
sideration of the subject, tbat tbe mere circumstance of the near commen- 
surability of the mean motions of Uranus, and Neptune cannot exercise 
any influence upon the magnitude of the perturbations produced at one 
conjunction of the two planets. The ellipticity which accompanies such a 
relation of the mean motions, has its magnitude adjusted so as to form 
an opposing obstacle of adequate inertia, if we may use the expression, 
to the disturbing force, by preventing the line of apsides from revolving at 
a more rapid rate than that at which the line of (mean) conjunction re¬ 
volves, but, in so far as its own existence is concerned, it is maintained 
solely by the action of the central force. 

(79.) Prof. Peirce has exhibited a comparison between the numerical values 
of tbe perturbations of Uranus, as computed in the one case by himself 
from an analytical investigation of tb© action of Neptune, and in the 
other case by Mr. Adams, from a similar investigation of the action of his 
second hypothetical planet. The enormous discordance between the results 
derived from these two distinct sources, appears to Prof. Peirce to consti¬ 
tute a sufficient refutation of what be considers the fallacious notion “ tbat 
tbe less distance of Neptune than the planet of geometry is compensated 
by its smaller mass, so that its action upon Uranus is the same with* that 
which was predicted.”* He remarks that the difference of the pertur¬ 
bations produced by the two planets is just balanced by tbe difference 
due to tbe corrections of tbe elements of Uranus, so tbat the corre¬ 
sponding effects upon the longitude of that planet are equal in both 
theories. 

(80.) We may rejily, with reference to this mode of viewing the subject, 
that the fonnuloe of analysis do not furnish a direct criterion of the disturb¬ 
ing action of a planet during one synodic revolution. It must be borne in 
mind, that all those terms wbicb are not absolutely elliptical (or, in other 
words, wbicb do not rigorously satisfy tbe differential equation of the 
second order relative to elliptic motion) are contained in these formulce, 
even although they may be to a great extent due to the central force. 
Such is the case with respect to the great elliptic inequality in the per¬ 
turbations of Uranus and Neptune depending on the near commensura- 
bility of their mean motions. Again, there are terms representing in¬ 
equalities of long duration which hardly undergo any sensible deviation 
from ellipticity during one synodic revolution. In effect, the analytical 
theory of the'action of a planet supplies a fund of terms adequate to 
meet tlie requirements of the ever-shifting position of the line of con¬ 
junction with respect to the orbits of the disturbing and disturl)ed idanets, 
throughout^ indefinito ages, both past and future. Now the action of the 
planet during a short interval of time is embedded in tViese terms, so that 
it is inijtossiblc to estimate its magnit.udo by tlie nmnerical values of the 
terms corresponding to the saine intorval. 'I’liis object can only bo 
* Proc. Amer. Acad, of Arts and Seiencea, vol. i. ,p. fftl. 



608 


APPENDIX. 


effected by eliminating from tbe mimerical results all the portion which 
sensibly coincides with elliptic motion during the period of time under 
consideration. If both planets revolved in circular orbits, the amount of 
perturbation thus extinguishable from the analytical formulae would be 
the same in each synodic revolution; but when the orbits possess any 
independent eccentricity, it will generally be different. It will at once 
appear, from a bare inspection of the numerical results given by Mr. 
Adams at the close of his memoir^, that by far the greater portion of the 
perturbations of a planet as represented by the formulae of analysis, 
coincides sensibly with elliptic motion during a synodic revolution of the 
two planets. Now, since the action of Neptune upon Uranus was in¬ 
sensible from 1670 to 1800, the planet must have revolved during the 
whole of the included interval of time in an elliptic orbit, the elements of 
which resulted from the action of the disturbing body on the occasion of 
the previous conjunction in 1650. Hence it follows, that the numerical 
values of the perturbations for the same period of time, as derived from 
the analytical formulae, admit of being represented by corrections to the 
elliptic elements of the planet’s motion; and it is manifest that their 
subsequent deviations from the results of such corrections will indicate 
the action of the disturbing body on the occasion of the conjunction of 
the two planets in 1833. If the perturbations produced by the hypo¬ 
thetical planets of Le ’Vei'rier and Adams were treated in the same way, 
the direct action of the disturbing body would similarly emerge in each 
case from the ellipticity in which it is embedded, and it is manifest that 
the results thus obtained would coincide, or very nearly so, with those 
relative to the direct action of Neptune. 

(81.) It has been stated, in the account of the discovery of the planet Nep¬ 
tune {Chap. XII-), that Le Verrier, besides determining the precise posi¬ 
tion of the disturbing body, assigned at the same time the limits of 
longitude within which it was probably confined, and also the limits of 
the elements of its orbit. In this part of his investigation he attributed 
a large probable error to the observations, distinguishing them accord¬ 
ing to the degree of confidence to which he considered them to he en¬ 
titled on the score of accuracy. The error of Flamsteed’s observation of 
1690, was estimated by him to be 35". The subsequent observations of 
the planet down to the epoch of its discovery in 1781, were supposed to 
be erroneous, in some cases to 15"; in others to only 10". The modern 
observations of the planet, extending from 1781 to 1845, were all esti¬ 
mated to have a probable error of 5". It must be acknowledged that the 
conclusions at which he arrived, relative to the limits of the elements of 
the disturbing body, have not been subsequently borne ont by the results 
deduced from actual observations of the planet Neptune, Thus he found 
that the mean distance of the disturbing body could not be greater than 
S7.90 nor less than 35.04. Now we have seen that the most probable 
value of the mean distance of the planet Neptune is 30.0363. This 
large discordance between theory and observation cannot he removed by 
attributing to the observations of Uranus a larger probable error than that 
which Le Vender assigned to them; since it appears that the action of Nep¬ 
tune accounts for the irregularities of that planet to a degree of accuracy 
which obviates the necessity of supposing the observations to he erroneous, 
even to so great an extent as Le Terrier estimated them to be. The following 

* Nautical Almanac, 1851, p. 289 (Appendix). 
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table, eoiis«ct©d fey Prof. Peirce, exiiibits an interesting view pC tbe 
residual errors in the longitude of Uranus, corresponding to four distiMt 
theories 5 of the planet. The numbers in the second colunm a-re 
results of Le Verrier’s attempt to account for the irregularities oi me 
planet -without supposing it to be injauenced by ariy foreign cause of dis- 
tairfeance. The third and fourth columns contain the errors of the theories 
of Le Verrier and Adams, founded on the assumption of the existence ot 
a disturhing planet. The fifth column exhibits the residual errors of the 
planet after taking into account the action of N^tune as calcumted by 
Prof. Peirce, from the elements of Walker. The mass of Neptune 
employed in these oaOculations was deduced by Pwf. Peirce from ^nd a 
ohaervations of the satellite discovered by Lassell. The results due to 
Le Verrier inserted in the second and third columns, represent the excess 
of theory over observation. The same is true with respect to the numbem 
in the fourth column containing the results of Adams s theo^;, but, in 
consequence of this circumstance, their signs are contrary to t ® ® 

same numbers in Peirce’s table. Prof. Peirce does not state whether the 
numbers in the fifth column represent the excesses of theory above obser¬ 
vation, or those of observation above theory ; but this point is immaterial 
in so far as our present purpose is concerned. 


BESIDXJAIi DIFFEEENOES BETWEEN THE THEOBETIOAXi AND OBSEBVED 

LONGITUDES OF XJBANTJS. 


V Date. 

■Without any ex¬ 
ternal planet. 

By Le Verrier’s 
theory of a dis¬ 
turbing planet i 
mass =» 03^- 

By Adams’s 
theory (Hyp. II.) 
mass of disturhing 
planet » 

By Peirce’s 
theory of the 
planet Neptune 
mass = 

1845 

1840 

1835 

18S9 

18^4 

1819 

1813 

1808 

1803 

1797 

1793 

1787 

1783 

1769 

1766 

1716 

1690 

-f. 6".5 

H- 0.7 

— 4.5 

— 7.8 

— 7.6 1 

+ 3.8 

-|- 4.5 

4- 8.8 

— 3.4 

■ — 6.7 

— 7,8 

4- 3.0 

4- 30.5 

4- 133.3 

4- 330.9 

4- 379.6 

4- 389.0 

— 0".3 

4- 3.3 

— 0.8 

— 3.3 

— 5.4 
0.4 

— 0.9 

4- 0.8 

4- 0.8 

— 1.0 

"t" 0.3 

— 1.3 

-j- 3.3 

4- 3.7 
_ 4.0 

4- 6.5 

— 19.9 

— 1.8 

4- 1.3 

— 3.0 

— 1.7 

4- 3.3 

4- 1-0 

0.0 

^ 1.6 
-f 0.6 

4- 1.1 

4“ 0.3 

0.0 

' — 1.8 

4- 4.0 

4- 6.6 
— 60.0 

— 0" 9 

— 1.1 

4- 3.0 

4- 0.8 

— 3.0 

4- 1.0 

— 0.3 

— 0.4 

4- 0.8 

4- 0.3 

-+- 0.3 

— 0.5 

— 3.0 ’ 

_ 6.0 ; 

1 —^ 4.0 

4- 8.7 ' 

4- 0.8 


m.) Le Verrier has attempted to defend the conolusmns 
rived relative to the limits of the mean distance of the 

u^the ground that he assigned too small a probahle error to the ohBer- 
vLions. ‘‘When the calculation of the limits of the mean distance, ’ 

» rre^um^d with other probable errors of observation than 6", it will 
readily be seen that the interval included between these limi ^ ^ 
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means varies proportionally to tlie uncertainty of the data. It varies much 
more rapidly. Thus while for a probable error of 5'' in the data, wo find 
2.86 for the interval between the limits of the mean distance, this interval 
so diminishes with the probable error, that when the latter is reduced to 
half this quantity we no longer find any value of the mean distance which 
can satisfy the question. And on the contrary, when the probable error 
of the modern observations is extended beyond 5'', the inferior and 
superior limits of the mean distance will be found to vary with rapidity, 
and to leave the greatest latitude in the choice of that auxiliary.” ^ 
These remarks are not borne out by the results contained in the foregoing 
table. The action of the planet Neptune accounts for the irregularities 
of Uranus, without even supposing so large an error as S'' in the modern 
observations, and yet its mean, distance is 30.0S63, which is far below 
Le Terrier’s inferior limit of the mean distance. The modern observa¬ 
tions of Uranus are satisfied to within by the action of Neptune, 
whereas Ue Terrier found that if the probable error of these observations 
was reduced to 2^.5, there is no mean distance of the hypothetical planet 
which could satisfy the observations. The trifling diiference between 
3^' and 2''^.6 can hardly serve to account for the discrepancy which here 
presents itself between the results of Le Terrier’s theoretical researches, 
and those relative to the perturbations actually produced by Neptune. 

It is manifest, without pursuing the subject any further, that the limits 
assigned by Te Terrier to the mean distance of the hypothetical planet, 
are at direct variance with the mean distance of Neptune, as deduced 
from actual observation.^ Nor is it a matter of any importance, whether 
the elements employed in calculating the action of Neptune do or do not 
represent the true orbit of that planet. It is sujBB.cient that an orbit cau 
be assigned, the mean distance of which lies far below the inferior limit 
assigned by Le Terrier, in which if a planet of a given mass be supposed 
to revolve, its action will be capable of completely accounting for the 
irregularities of Uranus. 

. The question then arises, where are we to look for the origin of this 

isoprdance between theory and observation ? In order to arrive at some 
conclusion upon ^is point, it is necessary to direct attention to the method 
of investiption by which Te Terrier deduced his final results respecting 
the hypothetical planet. The groundwork of these results consisted of 
thirty-three equations of condition. Ue Terrier concluded from his pre¬ 
vious researches that the ratio of the mean distance ' of Uranus to 


that of the hypothetical planet, must be very nearly equal to .61, and that 
£, Its mean longitude at the beginning of the year 1800, mu.st be con¬ 
tained somewhere between 234° and 270°. He, therefore, in his final in¬ 
vestigation assumed ^ == 51-h02y, and £ =: 252- + 18°^, y being a 

quantity which he imagined would not differ much from unity, while S’was 

supposed by him to lie somewhere between -|- 1 and _1 Besides 

these quantities each of the equations contained other seven unknown 
quantities namely, the corrections of the four elements of Uranus and 

perihelion, and mass of the distii;bh g 
planet. The corrections y and enter into the equations in a very com^ 

* Comptes Keadus, tome xxvii., p. 330. 
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plicated, manner j but if we suppose tlaese quantities to be linowiij tlie 
equations assunie a linear formi and tlie values of the remaining quantities 
may be obtained without apy serious difficulty. Le "Verrier proposed to 

f ive the equations a linear form by employing particular values of y and 
, assuming such values as he expected would not be very distant from 
the real values. For this purpose he selected six particular sets of 
values, namely, (y = — 1, C = 0), (y === 0, C == — 1), (y = 0, ^ =: 0), 

(y =: 0, S == 1), (y = 1, S = ~ 1), (y ^ 1, C = 0); and, sub¬ 
stituting these successively in the thirty-three equations of con¬ 
dition, he obtained six distinct groups of equations^ involving the 
remaining seven unknown quantities. These equations being all 
linear, he at once derived from them the particular values of six of the 
unknown quantities, and finally, by substitution, he obtained six sets 
of equations corresponding to the particular values of y and S’, which im 
volved only one unknown quantity, namely, the mass of the disturbing 
planet. These equations would be the particular forms assumed by the 
original equations of condition, if the six unknown quantities referred to 
had been in the first instance eliminated from them, and then each par¬ 
ticular set of values had been substituted for y and S’. Te Y errier proposed, 
therefore, to construct the general equations involving y, andm' by means 
of the six sets of particular equations involving m' alone. He assumed, 
moreover, that the general form of the equation, might he represented hy 
an algebraic function of the second degree with respect to^ and <o. 
From these equations he deduced the most accurate values of y. S', and w . 

In this manner he found y = 1..029,S’ = — 0.65, and = 1.073, the mass 
of tli6 sun. boing supposed, eq^ual to 10,000. The liixiitiiig values of tbese 
(][UE‘n.titles were determiiied by a discussion of tbe eQ[Uutioiis, founded, on 
supposition of tbe various observations being erroneous to ttie extent already 
mentioned. The most accurate value of y assigned 36.1539 as the mean 
distance of tbe bypotbetical planet, and tbe discussion of limits gave 
37.90 and 35.04 for tbe extreme values of that element. 

(84.) Prof. Peirce has suggested, that tbe circupastance of tbe mean 
distance of Neptune not being comprehended within tbe limits assigned 
by IjO A^errier to tbe mean distance of tbe bypotbetical planet, may nave 
arisen from an oversight on tlie part of the latter, in not having taben 
into account the peculiar character of tb© perturbations wbicb "would, b© 
produced if there existed a relation of perfect commensurahility between 
the mean motions of the disturbing and disturbed planets. “ An im¬ 
portant change, indeed, in the character of the perturbations, says he, 

“ takes place near the distance 35.3 ; so that the continuovis law by which 
such inferences are iustified is abruptly broken at this point, and it was 
hence an oversight in M. Fe Verrier to extend his inner limit to the 
distance 36. A x^anet at the distance 35.3 would revolve about the sun 
in SIO years, which is exactly two and a half times the period of the 
revolution of Uranus. Now, if the times of revolution of two plfuets 
were exactly as 3 to 5, the effects of their mutual influence would be 
peculiar and complicated, and even a near approach to this ratio gives 
rise to those remarkable irregularities of motion winch are exhibited in 
Jupiter and Saturn, and which greatly perplexed geometers until they 
were traced to their origin hy Laplace. This distance of 35.3, then, is 
a complete harrier to any logical deduction, and the investigations with 
iregErd to tbe out 63 C spstce cSiimot bo exteuded. to tbe luterioir. ^ 

* Proc. Amer- Acad., vol. i., p. 66- 
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(86.) Plausible as these retnarks may at first sight appear to be, we 
venture to assert, with all due respect to Prof. Peirce, that they will be 
found, upon an attentive examination of the subject, to have no essential 
connection with the point at issue. It must be borne in mind that the 
ques-don under consideration, as it suggested itself to Le Verrier, was 
this—^within what limits may the mean distance of the hypothetical 
planet vary, so that a determinate number of observations of Uranus 
included between the years 1690 and 1845 may be satisfied by the dis¬ 
turbing action of the planet within certain assignable limits of error ? 
Now,^ the^ consequences resulting from a near approach to commen- 
sUrability in the mean motions of the two planets can only be developed 
in the ^ course of many synodic revolutions. As to an exact commen- 
surability of the mean motions, it will be found, on a very slight con¬ 
sideration of the subject, to be incompatible with the mutual action of 
the two planets; but at all events, it is manifest that such a condition 


cannot exercise any peculiar influence on the perturbations of either 
planet during a short interval of time. Hence it follows, that whether 
the mean motions of the disturbing and disturbed planets be to each 
other exactly as 3 to 5, or whether they be very nearly in this ratio, 
^^e effects produced by their mutual action must be sensibly the same 
oaring the limited period of time over which the observations extend, 
vv e may remark further, that innumerable instances of commensurability 
may be suggested between the limits assigned by Le Verrier, besides 
the ^lation alluded^ to m the foregoing passage by Prof. Peirce, 
and that the inequality arising from a near approach to such a relation 
m any case, may be rendered^ theoretically as great as we please by bring- 
ing the inean motions sufficiently near to the condition of perfect com¬ 
mensurability. It is manifest, however, that the contingent occurrence 
of any such relation between the mean motions of the two planets, is 
entirely foreign to the question under examination, which merely relates 
to the direct action of Neptune during the interval comprised between 
they ears 1690 and 1845, a period of time embracing less than one synodic 
revolution of the two planets. 

(86.) But it may be asserted, in support of the argument of Prof. 
Peirce, that, although the influence of an exact commensurability of the 
mean motions of the two planets, or of a near approach to that relation, 
IS u ni m portant, in so far as the mutual action of the two bodies during a 
short inte^al of time is concerned, still Le Verrier, by deducing the 
limits of the mean distance of the hypothetical planet from analytical for- 
mulas involving the mean motions of the two planets as arbitrary constants, 
without taking into consideration the discontinuity occasioned by the passage 
of any of the terms of the formulae through infinity in consequence of a 
relation of commensurability between the mean motions, committed an error 
of reasoning, which could not fail to vitiate his results. To this it may be 
replied, that the formulae which Le Verrier used as the groundwork of his re¬ 
searches do not contain the terms involving the relation between the mean 
motions alluded to by Prof. Peirce. But, in point of fact, the method em- 
ployed by Le Varner m his final researches on the hypothetical planet is 
tomily independent of any relation of commensurability whatever. The 
actum of the disturbing body is computed for a certain number of values 
ol the mean distance, and a general equation * of the second degree, in¬ 
volving the true correction of that element, is then constructed from 
* In this and in every subsequent instance in which the word equation is used, the 





the particplar results by interpolatioja. It is manifest that, hy suoh a 
method, he gets rid of the embarrassment which might be^oecasiened by 
the passage through infinity arising from a relation of perfect oommen- 
surability in the mean motions of the two planets; so that any ohj ection to 
his reasoning founded, upon that ground, cUnnot be admitted to possess 
any weight. Indeed any attempt to determine the limiting values of the 
elements of the disturbing planet by the general formulae of perturbation, 
would seem to be utterly impracticable in the present state of analysis. 

(8T.) The question, however, still remains for solution—rhow are we 
to account for the circumstance of the mean distance of Neptune not 
being included within the limits assigned by Le Verrier to the mean 
distance of the hypothetical planet ? It appears to me that the discord-^ 
ance is attributable partly to Xe Verrier having arbitrarily assumed the 
form of the general expression involving y and C, and partly to his having 
fixed the particular values of these corrections too near each other. If, 
indeed, we could be assured beforehand of the whereabouts of the most accu¬ 
rate values of y and S’, it plainly follows that the general equations involving 
these quantities wotlld be most faithfully represented by an algebraic function 
of the second degree, provided that, in the construction of the latter, such 
particular values had been employed as were at no great distance from the 
approximate values. That Xe Verrier was under the impression of the 
most accurate values of y and S' being included within the limits of the 
interpolated values, is evident from the following words used by him i’-^ 
Dans la solution laquelle notts arriverons en definitive, y ^sra d i^res 
peu pris egal d 1, et S' sera compris entre 0 et — 1; en sorte que les 
valeurs particulieres des fonctions calouleespour les divers Stats des variables 
que nous venous d'indiqvuer, assurent, dans les environs de la solution qui 
convient au probleme, Vexactitude de la marche des expressions algehriques 
approchees auxquelles nous parviendrons ”^ 

(88.) Now if we assume as the elements of the planet Neptune those de¬ 
duced from observation by Walker, we shall obtain y = 6.43S5, ^ — —1.493. 
It will be seen, however, that these values are very far removed from 
those particular values by means of which Le Verrier constructed the 
general equations involving y. S’, and to'. Since it appears, then, that 
the interval between the limits of the mean distance vastly exceeds the 
corresponding interval deduoible from the researches of Xe Verrier, it 
may fairly be questioned whether an algebraic function of the second 
degree, constructed from particular values of y and S’, widely distant from 
the real values, is capable of representing with sufficient fidelity the form 
of the general equations involving y, and m', such as they would result 
after the elimination of the other unknown quantities. If we could be 
assured that any values of y and S’ included within the limits of the par¬ 
ticular values employed by Xe Verrier in his researches were capable of 
satisfying the observations of Uranus with tolerable precision, it might 
then be expected that the equations of the second degree, constructed by 
that geometer, would assign values of y and S’ differing only iii a slight 
degree from the approximate values. This would follow as an obvious 
consequence of the vicinity of the particular values of y and S to the 
approximate values, combined with the absence of any rapid variation of 
the algebraic function representing the equations. Now Xe Verrier found, 

terms are supposed to be all ranged on one side so as to constitute an algebraic function 
equal to zero, and it is to such a function that the expression is considered to apply. 

* “ R6cherche« sur les Mouvemens de la Planete Herschel,” p. 198. 
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by bis previous lesearcbes, that tbe observations wouild be very nearly 
satisfied by supposing y = 0, ^ = 0. It might, therefore, be inferred 
that the equations would assign to y and values of inconsiderable magni¬ 
tude, which would probably satisfy the observations to a still greater 
degree of accuracy. But if tbe algebraic function of the second degree, 
involving y, C, and w', did not represent with sufficient fidelity the equations 
resulting from the elimination of the other unknown quantities of tbe 
problem, it would manifestly follow that any values of y and €, considerably 
removed from the particular values by naeans of which Be Verrier con¬ 
structed the algebraic eqxiations, would fail, in a corresponding degree, to 
satisfy these equations, even although such values should satisfy the ob¬ 
servations of the planet as well as any others, 

(89.) According to this view of the subject, the extreme values of the mean 
distance resulting from X.e "Verrier’s researches ought to be considered as 
indicating, not the limits within which the observations of Uranus might 
be satisfied, by attributing to each of them a probable error of a- certain 
magnitude, but those within which an algebraic function of tbe second 
degree, involving y, (S, and m/, constructed from qertaln particular values 
of tbe two former quantities, is capable of representing tbe equations re¬ 
sulting from the elimination of the other unknown quantities of the 
problem. Admitting this to be true, it would follow that if Le "Verrier 
had assumed 30.0368 as his approximate mean distance, and constructed 
his equations by means of a series of particular values of y and C, cor¬ 
responding to mean distances in the immediate vicinity of the approximate 
value, he would have obtained for the latter merely a slight correction, 
while at the same time he would have deduced limiting values which 
would have totally excluded the results of his actual researches. 

(90.) The conclusion definitively suggested by tbe foregoing remarks is, 
that Be Verrier’s theory of limits is rather specious than real, in so far as 
it^ relates to the possibility of representing the observations of Uranus 
within a certain range of mean distance upon the supposition of 
each of them containing a probable error of a certa.in magnitude. 
It is not pretended, however, that these remarks involve tlie true 
explanation of the remarkable discordance which prevails between the 
results of Be Verrier’s researches and those deducible from observa¬ 
tions of the planet ISTeptune. They are merely put forth with the view of 
indicating a probable mode of accounting for the discordance, in the 
absence of a thorough investigation of the subject. Until this be accom¬ 
plished there is full warrant for suspecting the legitimacy of the method 
by which Le Verrier arrived at his results. This is a point, however, of 
very trivial importance, which does not in the remotest degree affect the 
merits of that illustrious geometer, in so far as Ms theoretical discovery 
of the planet Neptune is concerned. 

^ (91.) _We shall conclude with a few remarks on a recent publica¬ 
tion entitled “ Report to the Smithsonian Institution on the History of the 
Discovery of Neptune.^' * 

^ The author of this Report, Mr. G-ould, of Cambridge, U.S., while 
giving full credit to both Be Verrier and Adams for tbe accuracy of their 
respective solutions of the inverse problem of perturbation, stoutly main¬ 
tains the opinion expressed by his countryman. Prof. Peirce, to the effect 
that the remarkable connexion which was found to subsist between the 


^ Published at Washington, 1850 . 
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tlieoretioals r©seairc|i©s of these geometers and the actual position of the 
planet Neptune, must he regarded as T^vholly fortuitous. Let us examine 
some of the arguments which he adduces in support of this peculiar view 
of the subject, • . 

(93.) It has been stated (p. 185) that Mr. Adamsi in his final communi¬ 
cation to the Astronomer Royal, remarked that the observations of Uranus 
would in all probability be satisfied best by adopting for the hypothetical 
planet a mean distance equal to 33.6. He was led to entertain this opinion 
by a comparison of the errors of his theory for the three oppositions of Uranus 
in 1843—44—45, resulting from the two hypotheses of the mean distance 
which he had already employed in his researches. It is manifest, when 
this inference is viewed in connexion with his previous results, that 
Adams bad renounced all faith in even an approximation to Bode s law 
of the distances of the planets, and that the current of his researches was 
rapidly conducting him to a mean distance of the hypothetical planet 
agreeing with the actual mean distance of the planet Neptune. Mr. 
Gould seeks to depreciate the merit of this sagacious conclusion by con¬ 
tending that a mean distance equal to 33.6 would give erroneous results- 
“Le Yerrier,” says he, “ has shewn that the assumption of even 35 as 
the mean distance would lead to intolerdble discordances. Reirce has 
further proved that an important change in the character of the perturba¬ 
tions takes place near the distance 35.3.* It is therefore^ evident that no 

claims can be based upon the rough inference alluded to.” 

It has been mentioned that Peirce objected to the reasoning by 
which Le Yerrier established the inferior limit of the mean distance of the 
hypothetical planet (35.04), on the grouiid of the continuity of the investi-, 
gation being broken at the distance 35.3 by the commensurability of the 
mean motions of the two planets. It is plain, therefore, that the 
positions s-imoixiiccd. by tliosc two goomoters ncixitusilly ixxcompSitribJB ; 
and yet Mr. Gould adduces them as confirmatory of each other ! We 
have already had occasion to remark that there do not exist grounds lor 
supposing that either of them is entitled to any confidence. 

(93.) Mr. Gould admits that Le Yerrier may be considered the discoverer 
ofthe planet Neptune, in so far as he proved not only that it was impossible 
to represent the motions of Uranus without the assumption of some^ un¬ 
known disturbing body, but that the perturbations were of that analytical 

form which belongs to an exterior planet. . . 

Now it appears to me, that the latter assertion is at direct variance witn 
the actual state of the question. Be Yerrier demonstrated, by bis re¬ 
searches, that the perturbations were such as would be produced by the 
direct action of an exterior planet during the interval of time over which 
the observations extended ; but, with respect to the analytical form oi these 
perturbations, it depended on the elenaents of the disturbing planet, which 
were beyond the scope of investigation, and in fact turned out to be 
entirely different from those deduced by Be Yerrier. 

(94.) Mr. Gould further remarks that Le Yerrier omitted the considera¬ 
tion of the terms depending on a near approach to commensurability; but 
that this, although certainly a defect, cannot be considered as an error in 
the theory, since within the limits where he had reason to suppose that 
the orbit was situated, these terms are almost uniformly negligible. 

With reference to this jioint it maybe remarked, that the irregularities 
in the motion of Uranus depended on the direct action of Neptune durmg 
the period of last conjunction, and not on the analytical theory ot tnat 
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plajiet, which involves all the consequences liable to he developed in th© 
lapse of indefinite ages. Hence it is manifest that the absence of any r©~ 
semblance between the theory of the hypothetical planet of He Verrier 
and that of the planet Neptune, cannot be considered as afifecting in th.© 
sHghte^ degree the merit of He Vernier’s researches, in so far as they had 
for tireir object the discovery of the disturbing body. Even in the cas© of 
Neptone, the terms to which Mr. Gould alludes do not exercise any 
sensible influence on the action of the planet between the years 1690 
and 1845. 

(95.) With reference to the same geometer Mr. Gould makes the following 
stetement:—“His laborious and elegant researches have been crowned 
with brilliant success, and M. He Verrier himself rewarded by the con- 
piousness of having been the immediate occasion of the discovery of 
Neptune. And although the agreement oj. Neptune's direction at the 
time oj the discovery with the direction of the theoretical planet was bzet 
accidental, it almost seems as though the heavens strove to show theTnselv&s 
propitious, so happy was the accident, so wonderful the coincidencef * 

(96.) Heaving the above passage to the reader’s own reflections, we proceed 
to nohce one or two other statements of Mr. Gould’s. Beferring to the 
pse^on of Sir John Herschel, in his Outlines of Astronomy," that the 
longitad© and radius vector of the hypothetical planet, whether of Adams 

X? ’^ery nearly coincided with the longitude and radius vector 

o± Neptune dunng the period of its action being sensible, Mr. Gould 

surely it cannot be considered as an analogy between 
the the perihelion of the one was so near the aphelion of 


tn two orbits, demanded by the question relative 

of coincidence 

IP hypothetical and real planets during the period of the 

f>f fhl being sensible. Even in this case it was a near agreement 

con^tiinS^fh^ distances, which was required by the 

two nS 1 ^ respect to the absolute identitv of the 

orbits, the estabhshment of such a condition was an obiect of no im- 

discovery of the disturbing body was concerned 
Sir John Herschel, in the work to which Mr. Gould refers—so far from 
attempting to demonstrate any resemblance between the elements of Nen- 

hand, and those of the hypothetical planet of either 
He Vemer or Adams on the other-on the contrary, utterlf r^nudiat^J 
e existence of any necessary connexion between such an analo^r^ and 

combined labours of He Wier and plv^ 

vertibly proved that bv • *--u says he, “ have incontro- 

inoderZ^ oLervations’to 3 " the^e^can^L^W^t error assumed for the 
problem. There are two d ^ possible solutions of the 

on,© which is 36, and the other^O^^ Thp^*^^^ least possible error, 

. xne otner 30. The one is included within the 


* Report, p, 51. 
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•tJieory atid limits of Le Verrier, and corresponds with Adams’s solution ; 
the other is the orbit of Neptixne.”* ^ 

With respect to the existence of two niean distances of least possible 
error, with an interval included between them, any mean distance corre¬ 
sponding to which is incapable of satisfying the observations with sufficient 
accuracy, it seems to be in the highest degree improbable. This will be 
readily seen by reference to the theoretical researches of Xie "Verrier and 
Adams. The elements of the first and second planet of Adams, and 
those which Le Yerrier deduced from his final investigation, exl^hit a 
successive diminution of the mean distance. Now, in each of thesb three 
cases, the mean distance was greater than the true value; hut this defect 
was remedied by increasing the eccentricity in a corresponding degree, and 
placing the perihelion near the point of conjunction of Neptune and Uranus. 
By this means the distances.of the disturbing body were rendered in each 
case very nearly e( 3 [ual to the true distances in the part of the orbit where 
considerable precision was indispensable; and the effect of the error in 
the mean distance was thrown upon the opposite .portion of the orbit 
extending on each side of the aphelion, where it was incapahle of exer¬ 
cising any influence. The following table will exhibit this view of the 
subject in a clearer light:— 


Hypothetical Planet, 

Mean - 
Distance. 

Perihelion 

Distance. 

Aphelion 

Distance, 

Longitude of 
Perihelion. 

Adams, Hyp. I. 

38.400 

32.216 

44.584 

315° 67' 

„ Hyp. II. . 

37.478 

32.968 

41.998 

■■ 

299 11 

Le Verrier . 

36.164 

32.264 

40.044 

284 45 


It appears from these results, that the perihelion distance is almost thei 
same for each of the three planets, and that the longitude of the perihelion 
does not in any case differ materially from the longitude of Uranus and 
Neptune (278°) on the occasion of their last conjunction, about the begin¬ 
ning of the year 1823, On the other hand, the aphelion distance varies 
nearly at a rate corresponding with the variation of the mean distance. 
Now if we suppose the mean distance of the hypothetical planet to he 
diniiuished below the value assigned by Le Verrier, so as to approach 
nearer the mean distance of Neptune, have we not strong reason to believe 
that, by similarly throwing the effect of the change mainly upon the 
aphelion distance, where it would be altogether uninfluential, the observa¬ 
tions of Uranus would be satisfied with the same degree of precision as 
in the foregoing .cases? Indeed it seems very probable that this object 
might be accomplished by employing any mean distance within a range 
extending considerably both above and below the mean distance of Nep¬ 
tune, the perihelion being turned towards the point of conjunction when 
the mean distance was greater, and the aphelion being turned towards the 
same point when the mean distance was less, than the true value. 

m ) We may recapitulate ,the conclusions suggested by the discovdry ol 
the planet Neptune in the following terms Two contemporary geometers, 

* Report, p. 
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Mr. Adams in England, and M. Le Verrier in France, undertook akout 
the same time to investigate the irregularities of tJranus upon the suppo¬ 
sition of their being produced by the action of an exterior planet, and, in¬ 
dependently of each other, arrived at a very approximate determination of 
the position of the disturbing body. Upon this ground, therefore, they are 
severally entitled to the honour associated with the theoretical discovery 
of the planet Neptune. With respect to Le Verrier’s researches on 
the limits of the orbit of the disturbing body, they have not been 
borne out by the results of actual observations; but this circumstance, 
attributable in all probability to the intricacy of the subject and 
the imperfect state of analysis, does not in the slightest degree impugn his 
claims to the great discovery just mentioned. The American astronomers 
and mathematicians have more especially distinguished themselves by their 
labours in connexion with the planet Neptune, since the epoch of its phy¬ 
sical discovery. The results that have been deduced from Bond’s observa¬ 
tions of the satellite of Neptune and the mathematical researches of 
Walker and Peirce, unquestionably exhibit a degree of consistency with, 
the actual observations of Uranus and Neptune which has not been paral¬ 
leled "by any similar efforts on this side of the Atlantic, while at the same 
time they tend to throw much interesting light on the theory of both 
planets. The peculiar views which Prof. Peirce was led to entertain, 
respecting the researches of the distinguished geometers to whom the 
theoretical discovery of Neptune is due, may perhaps be attributed to his 
having devoted his attention too exclusively to the analytical formulae re¬ 
presenting the action of the planets, without taking into sufficient con¬ 
sideration the mode in which the disturbing forces directly operate. These 
views were announced by Prof. Peirce in a spirit of candour and mode¬ 
ration highly honourable to his character as a philosopher. They are be¬ 
yond all doubt erroneous, but the trifling inadvertence into which he was 
thus betrayed does not detract from the merit of his more substantial 
labours in connexion with the theory of Uranus and Neptune. 


. IV. 

EEMARKS ON THE DUNAE INEQUADITT TEEilED THE EVECTION. 

One of the most remarkable instances of perturbation which occurs 
in the solar sj^stem is the inequality in the moon’s longitude termed the 
evection. So long as the moon was observed merely in eclipses, this in¬ 
equality continued to escape the notice of astronomers. When Hippar¬ 
chus, however, after having constructed the astrolabe, succeeded in deter¬ 
mining the position of the moon in quadratures, he found that the results 
could not he generally reconciled with the existing theory of her 
motion. That great astronomer, having no similar observations of the 
moon anterior to his own accessible to him, was unable to arrive at a defi¬ 
nitive conclusion respecting the anomaly; but be formally pointed out its 
existence, and executed a series of valuable observations with the view of 
aiding future astronomers in their researches on the subject. It is well 
known that the discovery of the law of this famous inequality is due to 
Ptolemy. The account which he has giveii of the inequality as it pre¬ 
sented itself to his observations *, would seem to imply a law of variation 

* Syntaxis, lib. v,, cap', ii. 
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xnaterially different from that STiggested, by the term representing the Same 
inequality in. the modem theory of the moon’s motion. He states that 
the observed places of the moon in quadratures, "whether those recorded 
by Hipparchus or those actually determined hy himself, "were found in 
some instances to agree very well with the computed places ; in other in¬ 
stances to differ considerably, being sometimes in excess and at other times 
in defect. By attentively pursuing the inequality through its various 
phases, he found that it was generally insensible in sizygees. It also 
vanished in the quadratures when the moon was in the apogee or perigee 
of her epicycle (in other words, when the line of apsides was in quadra¬ 
tures) ; hut it increased from those points towards the mean points of the 
orbit where it was greatest (in other words, it increased as the line of 
apsides revolved from the quadratures to the sizygees). Moreover, when 
the first anomaly (the equation of the centre) was subtractive, the observed 
place of the moon was in defect, in consequence of the new inequality; 
aaid when the first anomaly was additive, the observed place was in advance 
of the computed place, from the same cause- 

It appeared, then, that while the inequality vanished in sizygees, its 
effect in quadratures was invariably to augment the equation of the centre, 
unless the line of apsides was in quadratures, when it vanished altogether 
Ptolemy, from observations of tbe moon in sizygees, had determined the 
maximum value of the equation of the centre to be 5° 1' *. Inconsequence 
of the new inequality, its value, as indicated by observations in quadratures, 
generally exceeded 5° 1', increasing from that value to 7® 40' as the line 
of apsides revolved from quadratures to sizygees. Hence it followed that 
the maximum effect of the new inequality amounted to 30'. 

In modern astronomy the inequality in the moon’s longitude, depending 
on the combined effects of the equation of the centre and the evection, 
is represented thus ;— 

= 4- 6° 18' sin a -f- 1° 30^ sin (d — 0) — a^, 

where a represents the mean anomaly of the moon, d the mean longitude 
of the moon, and 0 tbe mean longitude of the sun. 

Nothing can at first sight appear more different than the ancient and 
modern modes of representing tbe two inequalities. With respect to the 
equation of the centre, its magnitude is materially different in the two 
cases. The evection, however, differs not merely in absolute magnitude, 
but also in the law of its variation. According to Ptolemy the zero points 
of tbe inequality were fixed in position, being constantly situate in the 
sizygees, while its maximuna value was variable. On the other hand, it is 
manifest, from the second term of the above equation, that the zero points 
of the modern inequality are va7'iahle in position relatively to the line 
of sizygees, but that its absolute magnitude is constant. 

* Ptolemy determined the ratio of the epicycle of the lunar orbit to the deferent, or, 
in other words, the maximum value of the equation of the centre, from three eclipses 
of the moon observed at Babylon, about 700 years before the Christian era, and also 
from three similar eclipses observed by himself. In both cases he found the ratio to be as 
to 60, which gives 5° 1'' for the equation of the centre lib. iv.), Delambre, 

having computed the equation of the centre by the modern analy tical formulae, found that 
the three Chaldean eclipses assigned 4° 59' 16" as its value, and that the three eclipses of 
Ptolemy made it equal to 4® 59' 42". The close agreement of these results affords a 
strong presumption, that the two sets of eclipses employed by Ptolemy in his ca.lculation3 
were selected on account of their mutual consistency, from a vast mass of similar ob¬ 
servations in his possession. 
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Notwithstanding the striking points of dif¬ 
ference referred to ia the foregoing remark, the 
effects produced hy the conahination of the two 
constituent inequalities are identical in both 
cas^ as respects the law of variation, and are 
also nearly so in respect of absolute magni¬ 
tude. This may he easily shewn in the follow¬ 
ing manner. Xet a c represent the line of 
sizygees, b d the line of quadratures, e f the 
of apsides, ,m the place of the moon 
in her orbit. 



Xet A,T E = <3E>, A T M = <[ — © = 0. 

Hence ± = etm=:Q — <f>. 

S (([ — o) — A = a fl — (0 — <3f)) = 0 4- qS. 

Therefore h = 6^ 18' sin a , -f 20 ' sin (q (C — ©) -- a), 

= 6 ° 18' sin (0 — Hh 1 ® 20 ' sin (0 4 - q5>), 

= 4° 58' sin (0 — (p) -h 1° 20' sin. (0 — 4 - 1® QQ' sin (0 4- qE»), 

= 4° 68 ' sin a -f 2® 40' cos sin 6 , 

The first of these terms is manifestly the equation of the centre as de¬ 
duced by Ptolemy from ohservatiLohs of the moon in sizygees. The second 
term mso represents the evection as it exhibited itself to that astronomer. 
Thus let us suppo^se the moon to be in either of the sizygees. In such a 
ease 0 = 0 , or 180°, and consequently the second term vanishes. 

Hence Jy = 4 ° 58' sin a. 

Again, if the moon be in quadratures, we have 0 = 90°, and therefore 
Sy =4° 58' sin a -+- 2° 40' cos 0 
= 4° 58' cos ^ -f- 2° 40' cos <i, 

7° 38' cos 4>. 

In this case, then, the two inequalities conspire together. The effect 
IS obviously a maximum, wheu ^ = 0 , or ISO®."^ We have then 
Sy = ± 7 ° 38'. 

Ptolemy’s description, subieot to a 

which thf^aS^ ^ numencal values. Indeed the precision with 
astronomer determined the combined effects of the two ine¬ 
qualities m sizygees and quadratures, is one of the most astonishiiii/ 
circumstances connected with the ancient astronomy ^ 

Redirection of Rrmco^s 

W ““ “ represented by 

sin (0 4 - — 0 - 

of inequality. ’ indicate the zero points 
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of tlie lunar orbit to be Tariable, and attributing a libratory motion to the 
line of apsides. Allusion has also been made to the diffilculty essperi- 
enced for some time in computing, by the theory of gravitation, the motion 
of the lunar apogee, upon which the inequality to a great extent depends. 
It is worthy of remarh that in the origihal edition of the “ Principia,” pub¬ 
lished in 1687, Newton states * that he computed the motion of the 
liinar apogee in sizygees and quadratures, and also the mean motion. He 
asserts that he found the daily progression in sizygees to be Si8', the daily 
regression in quadratures to he 16^“', and the mean annual motion to be 
do®*. He remarks that these results do not accord exactly witli the tables, 
a circumstance which he thinks may he attributable to the errors of the 
observations. The calculations being very intricate and embarrassed with 
appmximations, and the results not possessing all the accuracy that was 
desirable, he refrained from publishing the details of his researches on the 
Subject. (Oomjautationes autem, ut nimis perpleaias et approximationihus 
i'p%pedita8, neque satis accuratas, apponere non lubet.) 

The results which Newton obtained on this occasion cannot by any 
means be considered very inaccurate, whentbe intricacy of the subject and 
the imperfect state of analysis in his time are taken into account. They 
give 11'* 31'for the monthly progression of the apogee in sizygees, and 
8 ° 1' for the monthly regression in quadratures. The modern tables of 
the moon assign, in round numbers, 11° and 9° as the corresponding values of 
,the motion of the apogee. Newton found the mean annual progression of 
the apogee to he 40°; the modem tables of the moon make it 40° 40'33". 

Newton appears to have been so dissatisfied with his researches on this 
subject, in all probability from the circumstance of the results not pre¬ 
senting a more complete accordance with those deducihle from observa¬ 
tion, that he suppressed all allusion to them iu the second edition of the 
“ Principia,” published in 1713, under the superintendence of Cotes, What¬ 
ever may have been the method of investigation employed by him on this 
occasion, it was manifestly one which was capable of grappling with the 
main difficulties of the question. It is not improbable that a careful in¬ 
spection of those manuscripts of Newton, which are still in existence, might 
serve to throw some light on this interesting point. 


■ ■ ' ^ V.' 

NOTE HESPECTING HOBUOCKS. 

At page 431 I have hazarded the conjecture that it was duties of a 
religious nature which called away Horropks so peremptorily, while en¬ 
gaged in looking out for the transit of Vehus on the 24th of November, 
1639. This is confirmed by a nofe which the late Prof. Eigaud dis¬ 
covered in one of Hearne’s Memorandum Books preserved in the 
Bodleian Pibrary, Oxford, from which it appears that Horrocks was a 
hard-working curate at Hoole, subsisting upon a wretched pittance 
{Rigaud's Corresjpondence of Eminent Men of the Seventeenth Century^ 
W. ii. p- 113). It appears also, from one of Flamsteed’s letters to 
Collins, contained in the same work, that Crabtree’s death occurred in 
the year 1653, and not shortly after that of Horrocks, as Wallis erroneously 
stated in the dedicatory epistle to Lord Brouncker, inserted at the com¬ 
mencement of the OpeTCl Eosthuma ” of the latter, 

^ Principia, lib. iii. prop-XXXV-, scholium. 
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ACCOUNT OF SOME HEOEKT BESTJIiTS OF ASTKOKOMCOAIj 0BSF>B'VATIDN* 

Two instances of a total eclipse of the sun have recently furiiishod 
opportunities of observing the circumstances usually attending these phe¬ 
nomena. The first of these eclipses happened on the 8th of August, 

1850. It was visible only in the Pacific Ocean. An account of the 
phenomenon as observed by M. Kutczycki at Honolulu, the chief town of 
the Sandwich Isles, appeared in the Oomjates Rendus for the 21st of April, 

1851. The second eclij)se happened on the 28th of July, 1861. Being 
visible in the northern, countries of Europe, it was observed by a great 
number of astronomers. Two important facts were satisfactoi'ily esbih- 
lished by the observations of these eclipses. In the first place, the reddish 
protuberances usually visible on such occasions, appeared in some instances 
to be isolated from the moon’s limb. Secondly, those protuberances that 
were visible towards the point of immersion, were seen gradually to diminish 
as if concealed by the passage of the moon over the solar disk ; while, on 
the other hand, those towards the point of emersion appeared to en¬ 
large as if gradually disclosed to view by the same cause. Both these 
facts tend to support the opinion that the protuberances are solar phe¬ 
nomena. A serious difidcnlty attending the explanation of their physical 
cause, consists in the material difference of aspect which they exhibit to 
spectators distant from each other by only a very short interval. 

Five naore planets revolving between the orbits of Mars and Jupiter, 
nave been discovered in addition to those referred to in the body of this 
work (see p. 240). Three of these bodies were discovered in the year 
first (Parthenope) was discovered by Be G-asparis on the 11th 
?u second (Victoria), by Hind on the 13th of September; and 

the third (Egeria), by Be Gasparis on the 2nd of hlovember. The re¬ 
maining two planets were discovered in the course of the year 185 1. The 
first of these (Irene) was discovered by Hind on the 19th of May, 1851. 
J5y a smguHr coincidence. Be Gasparis also independently discovered this 

same month. The second planet (Eunomia) 
was di^vered by De Gasparis on the 29th of July. Parthenope revolves 

Irenf dys Victooa in 1303 days, Egeria in 1400 days, 

Irene m 1510 days, and Eunomia in 1424 days. These numbers, of 

Snw®!’ regarded as provisional. The total number of asteroids 

to fifteen. It is not improbable that hundreds of 
th^e minute bodies may be revolving in the same region 

Becember, 1850, intelligence reached this country thnt 

of n®8 T«n Director of the Observatory 

1 , “i,. ? ’ D- ®-, had discovered a new ring round Saturn interior to 
the hnght rings already known to exist. It sora turned out Sat thl L Jo 
phenomenon had been observed in England ly Mr Dawes on the 901 ^ ^ 
^vember, before he received any intimation of Mr Bond’s 
The most surprising circumstance, however connected witV. 

STgX oi -f ~ly observed L’ sL™ ^e Jetr fsss’^ W 

of it® 11 the ^n^ncemrat"?f “ts «diT 

ting now forms an ioterasting olject of obre5^aUon 

eluded between the bright riiigrand“ ae^hUrofS: plnel^li^i 
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appear from most of the observations that it is not a distinct appendage of 
the planet, but simply a continuation of the inner bright ring. 

On the 134th of October, 1851, Mr. Lassell discovered two new satellites 
revolving round Uranus. He has subsequently succeeded in seeing them 
with his powerful reflector, on every occasion on which he looked for them. 
He finds that the observations may be pretty well satisfied by supposing 
the period of the inner satellite to be a.606 days, and that of the outer 
satellite to be 4.150 days. It appears, therefore, that they are interior to 
the two bright satellites discovered by Sir 'William Herschel in 1787. 
From the diagram of their positions inserted in the Monthly Proceedings 
of the Astronomical Society for November, 1851, they appear, like the 
other satellites, to revolve in orbits nearly perpendicular to the plane of the 
ecliptic. 

It has been mentioned (p. 139) that a comet discovered byM. Faye, in the 
year 1843, was found to revolve in an elliptic orbit, and that its perturba¬ 
tions for the ensuing revolution were calculated by He Verrier, who 
arrived at the conclusion that its passage through the perihelion would 
take place on the Snd of April, 1851. It is a gratifying fact that the 
comet has actually returned at the appointed time. It was first seen by 
Prof. Ghallis, with the Northumberland refractor, on the S8th of 
November, 1850. The observations of its apparent position have been 
found to present a remarkable agreement with the corresponding results 
derivable from the calculations of M. He Verrier. 

Allusion has been made at page S43 to the discovery of a small ultra- 
zodiacal planet (Metis) at the observatory of E. Cooper, Esq,, of Markree, 
in the north of Ireland. An achievement of vastly greater importance has 
since emanated from that observatory in the shape of a catalogue of 14,888 
stars near the ecliptic, the places of which, in general, are not to be 
found in any catalogues hitherto published. This catalogue was constructed 
from observations made in the years 1848, 1849, and 1850, and was pub¬ 
lished in 1851, the expense of printing'’having been defrayed by the Gro- 
vernment, upon the recommendation of the Royal Society. A second 
catalogue, destined to contain the places of about 13,000 additional stars, 
observed in the year 1851, is in the course of preparation at the same 
observatory. Mr. Cooper andj^his active assistant, Mr. Graham, are also 
engaged in executing a series of celestial maps upon a magnificent scale. 
Each map has a range of 8® both in right ascension and in declination. 
The scale is four times larger than that of the Berlin maps. It is con¬ 
templated to insert in these, maps all the stars within their range which 
have either been observed at Markree, or have been already published in 
other catalogues. The epoch of reduction is 1850.0. The advantages 
which cannot fail to accrue to astronomical science from the construction 
of these maps is incalculable. It must be acknowledged that the labours 
at Markree Observatory exhibit a loftiness of aim as well as a unity of 
design, and a spirit of skilful perseverance, which not only serves effec¬ 
tually to remove that establishment from the category of mere amateur 
observatories, but entitles it to an honourable place in the highest class 
of those institutions that have been founded for the promotion of astro¬ 
nomical science. 

In concluding this note it may be stated, that the Astronomer Royal 
has now (February, 1853) completed the arrangements at the Royal 
Observatory for recording transits of stars by means of an electro-magnetic 
apparatus- The accuracy of this method may be relied on to the twentieth 



APPEKBIX. 


ea4 

of a second of time. It is contemplated, in connexion -with this improve¬ 
ment, to transmit Greenwich time, hy means of the electric telegraph, to 
all the most important places in the kingdom. The realisation of this 
project will constitate a boon of inestimable value to the outports, by 
affording on all occasions a reliable standard for the regulation of chro¬ 
nometers. The successful construction of the submarine telegraph 
between Dover and Calais will also enable the Royal Observatory to 
record transits simultaneously with the Royal Observatory of Paris and 
other similar establishments on the Continent, by which means their 
respective longitudes relatively to each other may be more accurately 
ascertained. The immense importance of this object must be obvious 
to any person "v^o possesses an ordinary acq^uaintance with astronomical 
science. 


VII. 

Oorv OP TKE IToXE of the ObSEBVATION of y DbAOONIS, hy 

Bradley, at Kew, with the zenith sector of Id^oZyneux, on the of 

December, 1735 ,* the discordance of which with the results of previous 
observations, revealed to him the first glimpse of his immortal discovery 
of the Aberration of ZAght. 

It has been mentioned at page 337 that the original note of the obser¬ 
vation, of which the subjoined words are an exact copy, was found a few 
years since hy Prof. Rigaud, among the manuscripts of Bradley, written 
upon a loose piece of paper. 

Deo 31®*^ Tuesday 5^ 40' sider time 
Adjusted y® mark to y« Plumb line 
& then y® Index stood at 8 
5 U 48' 33" y® star entred 
49 53^ Star at y* Cross 
51 34 Star went out 
could 

As soon as I let go y* course 

A 

screw I perceived y« star too 
ruuch to y« right hand & 
so it continued till it passed 
y® Cross thread and within a quarter 

was 

of a minute after it had passed 
graduat 

I turned y® fine screw till I saw 

A 

y® light of y® star perfectly 
hissected and after y® obser 
vation I found y® index 
at Ilf, so that hy this 
observation y® 
mark is about 3"f 
too much south 
but adjusting 
y® mark and plumb line 
I found y® index at 8 ^. 
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ABEREAiiO% of Liglit—discovered by Brad¬ 
ley, 338; various determinations of its 
maximum value, 340. 

Adams—Researches on the theory of Uranus, 
168; transmits his results to the Astro¬ 
nomer Royal, 173; they furnish the earliest 
indication of the Trans-Uranian planet, ih .; 
second series of results obtained by him, 
185; announcementofhis researches by Sir 
John Herschel, 194. 

Airy—Researches on the lunar theory, 120; 
discovers the long inequality in the Earth 
and Yenus, 127; determines the mass of 
Mars, 129; researches Sn the mass of Ju- 
piter, 130; determines the ellipticity of the 
Earth, 145; measures an*arc of longitude 
in the British Isles, 150; demonstrates the 
existence of errors in the tabular radius 
vector of Uranus, 167; receives from 
Adams the results of his researches on the 
existence of an exterior planet, 173; his 
reply to Adams, 174; correspondence with 
Le Verrier on the theory of Uranus, 184; 
reply of the latter, ih .; proposes a search 
for the planet, ih.; announces to Le Yer- 
rier the results arrived at by Adams, 194 ; 
communicates an historical statement re¬ 
specting the discovery of the Trans-Ura¬ 
nian planet, 196 ; detects two new ine¬ 
qualities in the motion of the moon, 206; 
determination of the lunar parallax, 229; 
modification of Bessel’s method for facilitat¬ 
ing the reduction of observations, 845; suc¬ 
ceeds Pond at the Observatory of Green¬ 
wich, 493; reduction of the Lunar and 
Planetary Observations, 495; introdttces 
the use of an altitude and azimuth instru¬ 
ment at the Greenwich Observatory, ih.; 
transit circle, 497; reflex zenith telescope, 
499; Cambridge Catalogue of Stars, 513; 
first Greenwich Catalogue, ih .; second 
Greenwich Catalogue, 514; physical ex- 
planationof thedisksandrings of stars, 546. 
A1 Batani—discovers the motion of the aphe¬ 
lion of the terrestrial orbit, 97. 

Altitude and Azimuth Instrument—first used 
hy Roemer, 465. 

Apian—^first suggests the use of coloured 
glasses in observations of the sun, 227; re¬ 
marks that the tails of comets are turned 
opposite to the sun, 297. 


Arago—Remarks respecting the discovery bf 
the planet beyond Uranus, 196; observes 
occultations of small stars by the moon, 
230; phenomeon witnessed by him on 
those occasions, 231; experiments on the 
light of comets, 313; account of the solar 
eclipse of 1842, 368. 

Arcs of the Meridian—Measurement of the 
arc between Gottingen and Altona, 144; 
arc of India, 145; arc measured by La- 
caille at the Cape of Good Hope, 147; la¬ 
bours of Maclear, 148; arc measured in 
the British Isles, 149. 

Argelander—Zone observations of stars, 511; 
executes *a catalogue of stars, 513; re¬ 
searches on stars having a variable bright¬ 
ness, 541; researches on the motion of the 
solar system in space, 556. 

Atmosphere, terrestrial—Researches on the 
oscillations of the, 163. 

Attraction—Ideas of Copernicus on the sub¬ 
ject of, 15; Gilbert, 16; Kepler, 17; 
Galileo, 19; Borelli, 20; researches of 
Newton, 20-40; experiments of Bouguer, 
158; Schehallien experiment, ih. 

Auzout—his remark respecting a twilight in 
the moon, 232; invents the micrometer, 
450. 

Bacon, Roger—-Ideas of the telescope, 617. 

Bally-:—Researches on th e influence of the air 
in pendulum experiments, 156; determines 
the mean density of the earth, 159; phe¬ 
nomena observed during the annular 
eclipse of 1836, 409; labours connected 
with star catalogues, 508—13, 

Bailly—explains the origin of the libratory 
motion of the nodes of the second satellite 
of Jupiter, 86; researches on the physi- 
, cal theory of the satellites, 88 ; determines 
the magnitude of Jupiter’s satellites, 250. 

Ball—discovers the duplicity of Saturn’s 
ring before the same phenomenon was re¬ 
marked by Cassini, 526. 

Battista Borta-—Ideas of the telescope, 518. 

Bernouilli—his researches on the tides, 71. 

Bessel—his researches on the mass of 
Saturn, 131; experiments on the attrac¬ 
tion of differentbodies,lS3; researches on 
the satellites of Saturn, 142; investigates 
the ellipticity of the earth, 145; method 

s s 
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for deterniinirig the length of the seconds’ 
pendulum, 156 j investigates the m:flu.eiice 
of the resistance of the air on the rate of , 
oscillation, i5.; diirects his attention to 
the irregularities of Uranus, 16 7^ re¬ 
searches on the elements of Saturn’s ring, 
259 ; determines the period of the comet 
o£ 18X1, 289; observations on the nucleus 
of Halley’s comet, 294 j opinion respect¬ 
ing the tails of comets, 811; researches 
on the quantity and laws of precession, 
320,* researches on refraction, 335; 
method for facilitating the reduction of 
observations, 334; zone observations of 
stars, 611; determines the parallax of 
61 Cygni, 551; researches on the motion 
of the solar system in space, 656. 

Bianchini—Researches on the rotation of 
Venus, 284. 

Biot—Experiments with the pendulum, 153; 
value of the terrestrial ellipticity hence 
deduced by him, 153; researches on the 
motion of the solar system, in space, 666. 
Bode--—^Explanation of the solar spots, 222. 
Bondi—-Physical ohsexvationa of Saturn’s 
ring, 266; discovers the eighth satellite of 
Saturn, 271. 

Boxel—Account of the invention of the 
telescope, 517. ] 

Borelli—his ideas of circular motion, 20 ; 

. surmise respecting the orbitsof comets, 102, 
Bouguer—Researches on atmospheric refrac¬ 
tion, 328. 

Bouillaud—determines the period of the 
variable star Mira Ceti, 640; opinion re¬ 
specting the cause of its variable bright¬ 
ness, 641. 

Bonvaxd—^his determination of the mass of 
Jupiter, 130 ; publishes tables of Jupiter 
aild. Saturn, 131; determines the mass of 
Uranus,.! 32 ; calculates tables of Uranus, 
165; finds it impossible to reconcile the 
ancient with the modern observations, -id.; 
suspects the existence of an exterior planet, 
zi. 

Bouvard, E.—calculates tables of Uranus, 
174; finds it impossible to reconcile them 
with all the observations of the planet, 175. 
Bradley—Researches on the satellites of Ju¬ 
piter, 81; first introduces the equation of 
light into the tables of these bodies, zb .; 
discovers the great inequality of the three 
interior satellites, and suggests its physical 
cause, 82 ; discovers that the orbit of the 
^ fourth satellite is eccentric, z6.; researches 
on refraction, 329 ; discovers the aberra¬ 
tion of light, 338 ; discovers the nutation 
of the earth’s axis, 341; accounts of his 
labours at the Observatory of Gtreenwich, 
483; remarh respecting the parallax of 
the fixed stars, 549; remark relative to 
,, motion of the solar system in space, 
564'. 

Brah^i ^Pycho-—overthrows the theory of 
solid orbA 16 ; demanstrates that comets 


are situate beyond the moon’s orbit, 102 ; 
supposes them to move in circixlar orbits, 

. zb.; views respecting the tails of comets, 
308 ; first employs refraction in correct¬ 
ing astronomical observations, 321; in¬ 
vents the mural quadrant, 445; observes 
the new star which appeared in the year 
1572, 539; opinion respecting its origin, 
zb. ; estimate of the apparent diameters of 
the stars, 547. 

Brewster—his opinion respecting the solar 
spots, 227. 

Brinkley—Researches on refraction, 332; 
researches on the parallax of the fixed 
stars, 660. 

Burchardt—calculates the terms of the long 
inequality of Jupiter and Saturn, depend¬ 
ing on the fifth powers of the eccentricities 
and inclinations, 129 ; calculates the ele¬ 
ments of Halley’s comet for 1769, 137; 
calculates the lunar parallax by means of 
the formulae of Baplace, 228. 

Burg—'Calculates tables of the moon, 118; 
discovers irregularities in the moon’s epoch, 
■ib.; attempts to represent them by an 
empiric equation, 119. 

Campani—attains great excellence in the 
construction of refracting telescopes, 526. 
Capocei—^Researches on the comet of 1843, 

I 

Carlini—^Researches on the lunar theory, 
119; experiments with the pendulum for 
the purpose of determining the mean den¬ 
sity of the earth, 160. 

Cassini, J. D.—Discovers the coincidence of 
the nodes of the moon’s orhit with those 
of the moon’s equator, 73; publishes tables 
of Jupiter’s satellites at Bologna, 80; re¬ 
jects the equation of light, ii.; method for 
determining the solar parallax, 211; 
value of that element assigned by him, 
212; remarks respecting the solar spots, 
219 ; executes a chart of the moon’s sur¬ 
face, 230; observes au occultation of 
Jupiter by the moon, 231; researches on 
the physical constitution of Venus, 234; 
discovers that she has a rotatory motion, 
zb.; determines the period of rotation, 
zb.; observations on the physical constitu¬ 
tion of Mars, 236; discovers that it revolves 
on an axis, zb.; determines tlie time of rota¬ 
tion, zb.; researches on the rotation of 
Jupiter, 244; theory of the belts of Ju¬ 
piter, 248; discovers the duplicity of 
Saturn’s ring, 260 ; physical observations 
of the ring, 263 ; discovers four satellites 
of Saturn, 268; variable brightness of the 
fifth satellite, 271; hypothesis of atmo¬ 
spheric refraction, 322 ; appointed Director 
of the Royal Observatory of Paris, 457. 
Cassini, J.—his remarks on the rotation of 
Venus, 234; views respecting the visi¬ 
bility of the stars, 643 ; attempts to de¬ 
termine the apparent diameter of Sirius, 
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545; xesearcKes on tte proper motions of 
the starSj 664. ’ 

Cassini, IV.—Iteinark respecting the Ohser- 
Tatoay of Paris, 480. 

Cassegrain—deyises a new form of the re¬ 
flecting telescope, 629. 

Catalogues of Stars—Catalogues of various 
astronomers^, 507-16. 

Ohallis—institntes a search for the planet 
indicated hy the theoretical researches of 
icdams, 185 i secures two positions of the 
planet anterior to its actual discovery, 193. 

Clairaxit*—solves the problem of three bodies, 
44; researches on the lunar theory^ ih,; 
fails to account for the motion of the lunar 
apogee, 45; revises his solution and obtains 
the true result, 46 ; researches on the figure 
of the earthy 67; theorem on the variation 
of gravity at the earth’s surface, 68; cal¬ 
culates the perturbations of Halley’s comet, 
104. 

Comets—Tycho ]3rah4 demonstrates that 
comets are situate beyond the moon’s or¬ 
bit, 102; opinions respecting their orbits, 
ih,; Lagrange’s method for calculating 
their perturbations, 105; methods devised 
for the determination of their orbits, 133; 
comets of 1807, 134; comet of 1680, 
289; supposed to move in an elliptic 
orbit, ; various determinations of its 
periodic time, *^5.; comet of 1264, 290; 
comet of 1811, id.; comet of Brorsen, id.; 
comet of 1843, various determinations 
of the orbit of this comet, 291; general 
aspect of comets, 293; comets without 
either nucleus or tail, id.; translucency 
of cometic matter, envelope surround¬ 
ing the heads of comets, 294 ; proved to be 
hollow, 'id*; dimension of the envelope, 
295; nucleus of comets,'^6.; supposed in 
some instances to be solid, 296 ; attempts 
to determine its magnitude, ^Z).; structxire 
of the tail, ^'6.; its direction generally 
opposite to that of the sun, td.* latex’al 
deviation of the extremity of the tail, ^97; 
direction of the tail first remarikr^# in 
Purope by Apian, id. ; the same fact 
previously noticed by the Chinese, id.; 
comets with several tails, id. ; comets with 
tails of great length, id.; the absolute 
dimensions of the tail are in many in¬ 
stances immense, 298 ;#phenomena usually 
exhibited by comets during their passage 
of the perihelion, ; variation of volume 
depending on their position relative to 
the sun, 301; great heat to which some 
comets are subjected on their passage of 
the perihelion, ^'5.; dissolution of comets, 
302; ’development of the tail, id.; varia¬ 
tions in the length of the tails of some 
comets, 303; examples of very conspi¬ 
cuous comets, 304; various opinions 
with respect to the durability of comets, 
306; variation of yolmne, 307; different 
explanations of this fact, ; hypotheses 


respecting the tails of cometgi, 808; light 
of comets, 312; by some enq^itirers sup¬ 
posed to be self-luminous, id.; by others 
they arc held to shine only by reflected 
light, id.; experiments of IVE. Arago, 313 ; 
hypothesis of Laplace with respect to the 
heat suflered by comets, 314; their mass 
must be very inconsiderable, id. ; ultimate 
end for which comets are destined, 316. 

Comet of hiela—demonstrated by Qambart 
and Glausen to revolve in an elliptic 
orbit, 135; its perturbations calculated 
by Damoiseau, id.; apparition in 1846, 
136; divides into two parts, 

Comet of Encke—demonstrated to revolve 
in an elliptic orbit, 134; tends to confirm 
the hypothesis of a resisting medium, 135. 

Comet of Paye—discovered by Faye in 
1843, 139; its orbit shown to be elliptic, 
id.; its perturbations calculated by Le 
Verrier, id. 

Comet of Le Yico—Discovery of the, 141; 
shown to revolve in an elliptic orbit, id. 

Comet of Halley—its return first predicted 
by Halley, 103; first seen in 1759 by 
Palitzch, 104; passage of the perihelion 
in 1835, 136 ; various determinations of 
its elements for 1759, id.; its perturba¬ 
tions calculated by various geotneters, 
137; i, ancient observation of, by the 
Chinese, 288; physical observations ^of 
Sir John Herachel, 301. 

Comet of Lexell—First shown by Lexell to 
revolve in an elliptic orbit, 105; thrown 
out of its orbit by the disturbing action of 
Jupiter, id.; suspected by Talz to be 
identical with Fa^^e’s comet, 139; this 
opinion shewn by Le Verrier to be 
erroneous, 140. 

Copernicus—his ideas on the attraction of 
matter, 15. 

Orabtree-^—observes the transit of Venus in 
1639,421. 

D’Alembert"—solves the problem of three 
bodies, 44; computes the lunar perturba¬ 
tions, id. ; researches on the attraction of 
ellipsoids, 69. 

Damoiseau^—Fesearches on the Itinar theory, 
119; calculates the perturbations of 
]Biela’s comet, 136; researches on Hal¬ 
ley’s comet, 137; his evaluation of the 
lunar parallax, 228. 

Dawes-—determines the ellipticity of Mer¬ 
cury, 233; ohseryations on Saturn’s ring, 
265- 

Day, Sidereal—Invariability of the, demon¬ 
strated hy Poisson, 161; confirmed by 
ancient eclipses, id, 

De Dominis—Notions of the telescope, 518. 

De Gasparis—discovers the planet Hygeia 
P 243. (See Ji;pp€ndix.) 

Delambre—calculates tables of Jupiter’s sa¬ 
tellites, 96; tables of Jupiter and Saturn, 
142; calculates tables of Uranus, 165. 
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—HypotKeais respecting the lumi¬ 
nous ring seen during solar eclipses^ 386. 

De Rheita—Account of the origin of the 
telescope, 517. 

De Tico—determines the time of rotation of 
Tenus, 234. 

Descartes—opinion respecting the irradiation 
of light, S5l; account o£ the origin of the 
telescope, 517. 

Diffraction of Light—discovered by Grimaldi, 
346 ; researches of Newton on the sub¬ 
ject, ih. 

Dollond—Researches on the dispersion of 
light, 531; controyersy with Euler on the 
subject, ib*i discovers the principle of 
acbromatism, 532; constructs achromatic 
telescopes, 

Dorfel—^proves that the comet of 1680 
moved in a parabolic orbit, 102. 

Dunthorne—Researches on the secular in¬ 
equality in themean m otion of the moon, 60. 
Dll Sejour—^liis researches on the subject of 
a lunar atmosphere, 232; explanation of 
the origin, of Saturn’s ring, 2S7. 

Earth—Researches of Newton on the figure 
of the, 37 ; perturbations of the, computed 
by Clairaixt, 60; figure of the, mvestigated 
by Huyghens, 66; researches of Maclauri n 
on the same subject, 67 ; researches of Clai- 
raut, ib,; his theorem relative to the varia¬ 
tion of gravity at the surface of the, 68; 
motion of the aphelion of the, discovered, 1 
97; its perturbations investigated by La- ' 
place, 127; long inequality discovered by 
Airy, 128; determinations of the ellipticity, 
145, 146; determinations of the mean 
density, 159. 

Eclipses of the Sun, Total—rareness of their 
occurrence, 361; circumstances upon which 
they depend,362; ancient records of, 363— 
364 ; modem records,3 65 “7; acconntof the 
eclipse of 1842, 367-71; change of colour 
exhibited, by the shy during the obscura¬ 
tion, 372; darkness during the totality, 

374 ; sudden transition from day to night, 

375 ; luminous ring seen around the moon, 
376; recorded observations of this pheno¬ 
menon, ih.; appearance of the ring du¬ 
ring the eclipse of 1842,381-5; explana¬ 
tions of the nature and physical cause of 
the ring,386—90; luminous protuberances 
observed daring the totality, 390—393; 
reddish streak of light observed around 
the moon’s limb immediately before and 
after the total obscuration, 39 6; conclusions 
suggested respecting the physical constitu¬ 
tion of the sun, 400; aspect presented hy 
the moon, 401; coruscations of light ob¬ 
served, 403; undulatory movements ob- 
servedbefore and after the total obscuration, 
404; beads of light observed, 406-10 ; 
e^lanations of ±heir physical cause, 411. 

Eclip^ pf the Sun, Annular—earliest re¬ 
cords of, S^l; modern records, 372; lu¬ 


minous appearanco observed around the 
‘moon’s limb, 897; aspect of the moon 
during the eclipse of 1836, 401; beads of 
light seen at the exterior and interior con¬ 
tacts, 407; explanations of their physical 
cause, 411. 

Eclipses, Lunar—Ehenomenaohserved during 
the occurrence of, 412. 

Ecliptic—various determinations of the obli¬ 
quity of the, 98; its diminution explained 
by the theory of gravitation, 98; influence 
of its displacement on the length of the 
tropical year, 99 ; its variation affected hy 
the secular displacement of the equator, 
100 . 

Ellipsoids, Attraction of—Researches of Mac- 
lanrin, 67; D’Alembert, 69; theory of 
the attraction of spheroids of small eccen¬ 
tricity, ib, 

Enclce*^—determines the mass of Mercury, 
125; researches on the mass of Jupiter, 
130; demonstrates that the comet which 
bears his name revolves in an elliptic orbit, 
134; speculations on a resisting medium, 
ib. 

Equinox, place of the—Method of Flamsteed 
for determining it, 471. 

Eratosthenes—determines the obliquity of 
the ecliptic, 436. 

j Euler^—solves the problem of three bodies, 
44; researches on tlie lunar theory, ih., 
46; researches on the long inequality of 
Jupiter and Saturn, 48; invents the me¬ 
thod of the variation of elements, 49 ; 
investigates the secular inequalities of the 
planets, 51; fruitless attempt to account, 
by the theory of gravitation, for the secu¬ 
lar inequality in the mean motion of the 
moon, 61; investigates the theory of the 
tides, 71; researches on the physical 
theory of Jupiter’s satellites, 88; researches 
on the dispersion of light, 631, 

Everest—^measures an arc of the meridian in 
India, 146; remarks respecting the arc of 
the meridian measured by Lacaille at the 
Cape of Good Hope, 147. 

Eabricius, David—observes the variable star 
Mira Ceti, 540. 

Pabricius, John—discovers the solar spots, 
213; his mode of observing them, 227. 
Paye—discovers tli^p comet which bears his 
name, 139. 

Perrer—observes the solar eclipse of 1806, 
367 ; researches on the existence of a lunar 
atmosphere, 386- 

Plamsteed—appointed director of the Royal 
Observatory, Greenwich, 460 account of 
his labours, 467—477; attempts to deter¬ 
mine the parallax of the polar star, 548. 
Fontana—first observes spots on the surface 
of Mars, 235. 

Poster—Experiments with tlie pendulum 
for the purpose of determining the ellipti- 
city of the earth, 156. 
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Fi-aueiihofer—Excellence attained by, in. the 
constpiaction^^ of refracting telescopes, 535. 

Galileo—discovers the diurnal libration of 
the moon, 72; discovers the satellites of 
Jupiter, 76 ; deduces the rotatory motion 
of the sun from observations of the solar 
spots, 216 ; determines the period of rota¬ 
tion, ili. ; his mode of observing the solar 
spots, 228; discovery of mountains on 
the moon’s surface, 229 ; phases of Venus, 
233 ; inexplicable appearance of Saturn, 
254 ; researches on irradiation, 347 ; exe¬ 
cutes a refracting telescope, 520 ; method 
for ascertaining the magnifying power of 
telescopes, 521; first applies the telescope 
to the purposes of physical science, ibr, 
attempt to determine the apparent dia¬ 
meter of ec, Lyrae, 545 ; method for deter¬ 
mining the parallax of the fixed stars, 
547. 

Galle—discovers the planet exterior to Ura¬ 
nus, 192. 

Galloway—Ueaearches on the xiiotioir of the 
solar system in space, 557- 
Gamhart—demonstrates that the comet of 
Biela revolves in an elliptic orbit, 1.35. 
Gascoigne—first invents the micrometer, 
450; micrometrical results due to him, 
452; first employs telescopic sights in 
astronomical observations, 464- 
Gassendi—Uesearches on irradiation, S4Y ; 
observes the transit of Mercury in 1631, 
415. 

Gilbert—his ideas of attraction, 16. ' 

Gilliss—appointed to determine the solar 
parallax, 213 ; catalogue of stars, 613. 
Goodriche—Researches on variable stars, 
540. 

Gravitation, theory of—established by ITew- 
ton in all its generality, 26 ; slowness of 
its early progress, 41. _ 

Gregory, James—first points out the utility 
of transits of the inferior planets in deter¬ 
mining the value of the solar parallax, 
428 ; explains the principle of the refiect- 
ing telescope, 526 ; method for deter¬ 
mining the parallax of the fixed stars, 
547. • 

Groombridge—executes a catalogue of stars, 
611. 

Hadley—invents the reflecting octant, 482 ; 
attains great excellence in the construc¬ 
tion of reflecting telescopes, 529- 
Halley—encourages N"ewton in his researches 
on the theory of gravitation, 27 ; suspects 
the physical cause of the long inequality 
of Jupiter aud Saturn, 48 ; discovers the 
secular inequality in the moon’s mean 
motion, 60 ; researches on Newton’s theop’- 
of coiYietSy 102 j predicts the return of the 
comet which bears his namCy 103 ; deter¬ 
mines the period of the great comet of 
16S0, 289; remark relative to the solar 


eclipse of 1715/ S72J succeeds Flam¬ 
steed. at the Obseryatory of . Greenwich^ 
477 ; opinion respecting the apparent dia¬ 
meters of the stars^ 645; first discoYcrs 
the proper motions of the stars, 554, 

Hansen—^his researches on the planetary 
perturbations^ 118; accounts by the 
theory of g-rayitation for the irregularities 
in the moon's epoch, 120 ; accounts for 
two new ineq^ualities in the moon’s rnotion^ 
206. 

Harding—discovers Jiino^ 240 ; observa¬ 
tions of Saturn’s ring, 264. 

Harriot^—observes the solar spots, 215. 

Hencke—discovers the planet Astrea, 242; 
Hele, ib- 

Henderson—Uesearches on the value of the 
solar parallas:, 212; investigation of the 
lunar parallax, 228; determines the pa¬ 
rallax of the double star cc Oentauri, 551. 

tierschel. Sir John—observes Halley’s comet 
after the passage of the perihelion in 
1835, 138; researches on the satellites of 
Saturn, 142; explanation of the physical 
cause of the solar spots, 225; reohserves 
two of the satellites of XJranus^ 285; re¬ 
searches on their motions, ; observa^ 
tion indicative of the transparency of 
comets, 294; the micleus of a cothet ap¬ 
pears tp he merely a vaporous substance, 
ib.; observations on the physical aspect of 
Haller’s comet after the passage of the 
perihelion in 1835, 299; variation of the 
volume of the comet assigned, 301; re¬ 
mark on the great heat to avMcK comets 
are subject on their passage of the perihe¬ 
lion, 302; explains the variation of volume 
which comets undergo, 307 ; researches on 
the relative brightness of the stars, 642; * 

researches on double stars, 560; observa¬ 
tions of nebulas, 56S; star gauges in the 
southern hemisphere, 577. 

Herschel, Sir l?7illiaTia—determines the rela¬ 
tive (quantity of light emitted by the dif¬ 
ferent parts of solar spots, 217; raeaaures 
their size, 218; remarks their rapid changes, 
ib. ; explanation of the penumbroe, 223; 
hypothesis of the generation of the spots, 
z6,; determines the altitude of the lunar 
mountains, 229; determines the time of 
rotation of Mars, 236; assigns'the etlip- 
ticity of that planet, f A ; explains the ap- 
peax'ance of white spots at the pcxles, 237 ; 
researches on the rotation of Jupiter, 245* 
velocit^'' of the spots on the planet s disk, 
247; opinion respecting their nature, ; 
explanation of the belts of Jupiter, 248; 
physical observations of the satellites of 
Jupiter, 249 ; determines the equality be¬ 
tween the periods of rotation and revolu¬ 
tion in the case of all the satellites, ; 
determines the absolute magnitude of the 
second satellite, and the relative magni-; 
tudes of all the four, 250 ; observes the 

i bands of Saturn, 261; deduces from th^ 
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fhe rotation of the planet on an axia, 251; 
determines the time of rotation, il. ; dis¬ 
covers that the figure of the planet is 
spheroidal, 252; determines the ellijpticity, 
ib.f observes an irregularity in the figure 
of the planet, 253; discovers phenomena 
indicative of an atmosphere, ; pheno¬ 
mena . observed about the polar regions, 
254; demonstrates the duplicity of the 
ring, 260; proves the thickness of the 
ring to be inconsiderable, 261; discovers 
the rotatory motion of the ring, 262; de¬ 
termines the time of rotation, -iS.; physical 
observations of the ring, 263; suspects it 
to he encompassed by an atmosphere, 264; 
perceives the nnenlightened side of the 
ring, 265; explanation of its visibility, 
266; discovers two satellites of Saturn, 
270; observations on the variable bright¬ 
ness of the fifth satellite, 272; discovers * 
the planet TJranns, 272—274; determines 
its magnitude, 275; discovers two satel¬ 
lites revolving round Uranus, 279; de¬ 
monstrates that their orbits are nearly 
perpendicular to the ecliptic, and that 
their motion is retrograde, 282; discovers 
four additional satellites, ib.; observations 
on the physical constitution of the two 
old satellites, 284; observation illustra¬ 
tive of the transparency of comets, 293 ; 
researches on the comet of 1811, 294; re¬ 
searches on the light of comets, 312; 
opinion on the purpose which they serve 
in the economy of the physical universe, 
316; experiment illustrative of irradiation, 
352; attains great excellence in the con¬ 
struction of reflecting telescopes, 533; re¬ 
searches on the relative brightness of the 
- stars, 542; space-penetrating power of 
telescopes, 544; applies it to determine 
the relative distances of stars and clusters 
of stars, attempts to determine the 
apparent magnitudes of the stars, 546; 
researches on the parallax of the stars, 549; 
researches on the motion of the solar sys¬ 
tem in space, 555 ; observations of double 
stars, 559 ; establishes their physical 
theory, 560; observations of nehulse, 565; 
nebular hypothesis, 567; structure of the 
Milky Way, 575; star gauges, ib.; 
speculations on the breaking up of the 
Milky Way, 576. 

Heveliua—discovers thelibration of the moon 
in longitude, 72; surmises that comets 
move in parabolas, 102 ; constructs charts 
of the moon’s surface, 229; observes a 
transit of Mercury, 417; constructs a 
catalogue of stars, 508; attempts to deter- 
. mine the apparent diameters of the stars, 
545. 

Hind—Discovery of Iris, 243; Flora, 
researches on the identity of the comets of 
.1264 and 1556, 290, {See -^pjpendia:.) 
Hijppfu^iis—^discovers the precession of the 
eguinox^, 818; determines the place of 


the equinox among the stars, 435 ; estab¬ 
lishes the solar and lunar theories, 436; 
invents the astrolabe, 438; the first who 
executes a catelogue of stars, 607. 

Hooke—his correspondence with Mewton 
relative to the path of a projectile, 22; 
contests Newton’s claim to the discovoi-y 
of the law of gravitation, 29; discovers 
the rotation of Mars, 230; his estimation 
of the time of rotation, ib.; discovers the 
rotation of Jupiter, 244 ; suggests the first 
notion of the reflecting quadrant, 481; 
first executes a Gregorian telescope, 529; 
points out the principle upon which the 
visibility of stars depends, 543; attempts 
to determine the parallax of the stars, 548; 
suggests the prohnbility of a proper motion 
of the'stars, 553. 

Horrehow—Account of the destruction of 
the Copenhagen Observatory, 466. 

Horrocks—observes the transit of Venus in 
1639, 421; account of his life, 422; col¬ 
lection of his manuscripts by the Iloyal 
Society, 424; brief notice of his posthu¬ 
mous fragihents, 424-428; attributes the 
motion of the lunar apsides to the disturb¬ 
ing force of the sun, 425; devises the ex¬ 
periment of the circular pendulum with a 
view to illustrate the action of a central 
force, ib.; obtains a glimpse of the long 
inequality of Jupiter and Saturn, 426; 
surmise respecting the movements of 
comets, 427; undertakes researches on 
the tides, ib.; remai’k respecting the ap¬ 
parent diameters of the stars, 545. 

Hussey—suspects the existence of a planet 
beyond Uranus, 166, 

Huyghens—refuses to admit the attraction 
of the constituent particles of matter, 42 ; 
his researches on the figure of the earth, 
66 ; discovers the true form of Saturn’s 
appendage, 257; determines the magni¬ 
tude and position of the ring, 258; dis¬ 
covers a satellite of Saturn, 267; applies 
the pendulum to clocks, 448; m^feod, 
devised by him for measuring small angles, 
450; attains great excellence in the con¬ 
struction of telescopes, 525; determina¬ 
tion of the parallax of Sirius by photo¬ 
metric principles, 547; discovers the 
nebula of Orion, 563. 

Invariable Plane of the Solar System— 
existence of the, demonstrated by Laplace, 

Irradiation of Light—first remarked as a 
general principle by Kepler, 346; re¬ 
searches of Galileo on the subject, 347; 
Gassendi, 351; Descartes, ib.; illustra¬ 
tive experiment by Sir William Hefscbel, 
852; researches of Dr Kobinson, 353; 
Plateau, 356 ; Powell, 356. 

Ivory—Theorem relative to the attraction of 
ellipsoids, 143; researches on the theory 
of refraction, 333. 





J oliusoji-r-escecutes a catalogue o£ southern 
stars, 612; observations of ciTcumpolar 
stars in the northern hemisphere, 641, 
Jupiter-—long inequality in the mean mo¬ 
tion, 47 j its physical cause first suspected 
by Halley, 48; researches of Euler, ih.; 
lagrange, 50, 68; Lambert, 57; Laplace 
finally accounts for it hy the theory of 
gravitation, 59 ; various determinations of 
the mass of the planet, 130; belts on 
Ills sxirface, 243; when discovered, 244; 
rotation of the planet on an axis sus¬ 
pected by Hooke,'is*; established beyond 
doubt by Oassini, ib,; researches of Sir 
William Herschel on the subject, 246; 
researches of j&^iry, %h>; ellipticity dis¬ 
covered, iZ). ; determined by Pound, ih.; 
Struve, near agreement between the 

observed ellipticity and the theoretical 
determination of Laplace, 'ii*; observa¬ 
tions of bis belts, 246; explanations of 
their nature, 248, 

Jupiter, Satellites of-—discovered by Qalileo, 
76; tables ofHodiexna, 79; Borelli, ib, ^ 
tables of Oassini, 80; tables of Bradley, 81 j 
equation of ligbt first introduced into 
their theory by that astronomer, ib, ; his 
discovery of the inequality in the thre^ 
interior satellites, 83; researches of New¬ 
ton on their physical theory, 88; disturb¬ 
ing influence of the spheroidal figure^ of 
Jupiter first remarked by Euler, ^ 
effects thus produced first pointed out by 
Walmsley, 'll .; subjected to rigorous inves¬ 
tigation by Euler, their perturbations 
investigated by Bailly, "ib .; researches of 
Lagrange, 90 ; relation between the mean 
longitudes and the meau motions of the 
three interior satellites discovered by 
place, 92; libration of the three interior 
satellites,; researches of Laplace on the 
theory of the satellites, 93; invariable plane 
of reference discovered by him, 94 y masses 
as^igri^d to the satellites by him, 96 ; 
elements determined by Pelambre, 
maximum value of aberration deduced 
from the eclipses of the satellites, 
shadows and transits of the satellites ob¬ 
served by Oassini, 248 ; physical observa¬ 
tions by Maraldi, ib ,; conclusion deducible 
from them, 249 ; the times of rotation and 
revolution of each satellite shown to be 
equal, ib.; various determinations 
magnitudes of the satellites,^^).—bat. II.,its 
inclination demonstrated by Maraldi I. to 
bevariable,81 ; period of this inequality de¬ 
termined by Wargentin, 

tion of the nodes discovered by Maraldi 
II., 86; explained by Bailly, deter¬ 

mination of its mass by that geometer, 89- 
^Sat. III.,M:araiai II. discoversits mclma- 
tiontobe variable, 82; its eccentocity dis¬ 
covered by him, 84; suspected by Wargentin 
to be variable, ib .; period 

in the inclination determined hy Maraldi 


II., 86; its mass determined by Bailly, 89. 
—^at. lY., its orbit suspected by Bradley 
to be eccentric, 82; eccentricity established 
by MEaraldi II*, %b,i the nodes discovered 
to have a direct motion on the plane of 
Jupiter^s orbit, 86; explanation of this 
apparent anomaly by Lalande, ; ipclh 
nation shown to be variable, 86* 

Kater—Mode of det( 3 rmining the length of 
the seconds’ pendulum^ 153. 

Kepler—his ideas of an attractive force, 17 ; 
surmises that comets move in straight 
lines, 102; opinion respecting the tails 
of comets, 309;; researches on refraction, 
321 ; researches on irradiation, 347; opi¬ 
nion respecting the luminous ring seen 
during solar eclipses, 385; predicts transits 
of Mercury and Yenus, 415 ; first explains 
the principle of the refracting telescope, 
626; observes the new star of 1604, 639; 
opinion respecting its origin, 

Kramp^—Researches on the mathematical 
theory of refraction, 330. 

Lacaille—measures an arc of the meridian 
at the Oape of Good Hope, 147 ; deter¬ 
mines the solar parallax, 212 ; lunar 
parallax, 228; researches oxi refrp^Ction, 
330 ; account of his labours in practical 
astronomy, 486; observations of nebula 
in the southern hemisphere, 564. 

Lagrange—devises a new solution of tbe 
problem of three bodies, which he applies 
to the investigation of the long inequality 
of Jupiter and Saturn, 50; demonstrates 
the invariability of the mean distances of 
[ the planets, 52 ; investigates the secular 
1 variations of the other elements, ih, ; se¬ 
cond investigation of the long inequality 
of Jupiter and Saturn, 58 ; researches^on 
the secular inequality in the mean motion 
of the moon, 61; researches on the at¬ 
traction of ellipsoids, 69; libration of 
the moon, 74 ; investigates the p.erturha- 
tioiis of Jupiter’s satellite^:, 90 ; computes 
the diminution of the ecliptic by the 
tlieory of gravitation, 98; his method for 
calculating the perturbations of comets, 
106; his researches on the variations^of 
the elements of the planetary orbits, 110 ; 
invents the theory of the variation of 
arbitrary cofistants. 111 > researches on. 
the origin of the ultra-zodiacal planets, 
241. 

JjQr^ive —^his explanation of the solar spots, 
219; hypothesis respecting the luminous 
ring seen during solar eclipses, 386.^ 
Lalande—his researches on the libration of 
the moon, 73; objections urged by him 
against Wilson's theory of the solar spots, 
222 . . 

Lambert— —Researches on the long inequality 
of Jupiter and Saturn, 57; remark re¬ 
specting the visibility of the stars, 54^ 5 
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adopts the hypothesis of a central snn, 

558 ; views respecting the stracture of the 
Milky 'Way, 674. 

Lamont—Hesearches on the satellites of 
Uraniis, 285. 

Laplace—his opinion respecting the Prin- 
cipia, 33 ; his researches on the mean 
notions of the planets, 51; investigates 
the secular variations of the planetary 
elements, 62; his theorems relative to the 
stability of the planetary system, 65; ex¬ 
plains hy the theory of gravitation the 
long inequality of Japiter and Saturn, 59; 
discovers the physical origin of the secular 
inequality in the moon’s mean motion and 
computes its amount, 62; investigates 
the secular inequalities of the perigee and 
nodes of the lunar orbit, 64 ; computes the 
lunar inequalities deipending on the sphe¬ 
roidal figure of the earth, 65; investi¬ 
gates the inequality in the moon’s longi¬ 
tude depending on the solar parallax, id.; 
discovers inequalities in. the moon’s mo¬ 
tion, dependijiig: on the spheroidal figure 
" of the earth, ; determines the lunar 
inequality in longitude involving the solar 
paiullax, id. ; theory of the attraction of 
spheroids, 69 ; demonstrates the stability 
of the ocean, 71 ; researches on the tides, 
ib. ; investigates the disturbing influence 
of the ocean on the earth’s axis, id.; re¬ 
searches on the stability of Saturn’s rings, j 
76; investigates the perturbations of Ju- i 
piter’s satellites, 91; researches on the 
diminution of the obliquity of the ecliptic, 
99; comparison of his formula with an 
ancient Chinese observation, id. ; investi¬ 
gates the secular variation of the tropical 
year, id .; discovery of an invariable plane 
in the solar system, 101 ; publication of 
the Micaniqne Celeste, 108; researches 
on the variations of the elements of the 
planetary orbits. 111; suggestion respect¬ 
ing the cause of the irregularities in 
the moon’s epoch, 119; determines the 
mass of the moon, 122 ; researches 
on the mean temperature of the earth, 
162 ; oscillations of the atmosphere, id. ; 
first calculates the elliptical elements of 
^ Uranus, 275; hypothesis relative to the 
heat of comets, 314; researches on the 
theory of refraction, 331. 

Lassell—discovers the eighth satellite of Sa¬ 
turn, 271; reobserves one of the satellites 
of TJranns, 286; discovers a satellite re¬ 
volving around Neptune, ib.; effects im¬ 
provements in the construction of reflect¬ 
ing telescopes, 536; discovers two satel¬ 
lites of Uranus, Appendix. 

L’e Verrier—^his researches on the inclina¬ 
tions of the planetary orbits, 116; in¬ 
vestigates the secular variations of the 
planetary elements, 117 ; investigates the 
theory of Mercury, 125; calculates the 
long inequality of Pallas, 132 ; researches 


on the perturbations of Faye’s comet, 139 ; 
researches on the identity of the comets 
of Lexell and Faye, 140; proves them to 
be distinct bodies, 141; researches on the 
identity of the comets of 1585 and 1843, 
id.; investigates the theory of Uranus, 
175; fails to account for the observed ir¬ 
regularities of the planet, 177 ; investigates 
them upon the hypothesis of a disturbing 
planet, 178; first results which he ob¬ 
tained, 183; second investigation of the 
subject, 187; final results deduced by 
him, 188 ; remarks on the physical aspect 
of the disturbing planet, 190. _ 

Lexell—shews that the comet which beai’shis 
name revolved in an elliptic oi-bit, 105; 
his explanation of its disappearance, id.; 
first suspects Uranus to ,he a planet, 274; 
determines its apparent diameter, 275. 
Light—Researches of Struve on the ex¬ 
tinction of, in its passage through spticc, 

Lipperhey—^proved to be the origixial in¬ 
ventor of the telescope, 619. 

Longitude—Arc of, measured in the British 
Isles, 150. 

Louville—applies the micrometer to divided 
- instruments, 481. 

Lubbock—Researches on the lunar theory, 

120 . 

Lunar Mountains—first discovered by Grali- 
leo, 229 ; various determinations of their 
altitudes, id. 

Maclaurin—his researches on the equili¬ 
brium of ellipsoids, 67 ; investigates the 
subject of the tides, 71. 
hlaclear—observes Halley’s comet after the 
passage of the perihelion in 1835, 138; 
geodesical operutions at the Oape of Glood 
Hope, 148; researches on the parallax of 
a Centauri, ib. 

Madler—Surmise respecting the possibility 
of discovering a planet beyond Uranus, 
167 ; executes, in conjunction with Beer, 
a chart of the moon’s surface, 230; de¬ 
termines the ellipticity of Uranus, 278 ; 
speculations on the existence of a central 
sun, 558. 

Main—demonstrates the elliptical figure of 
Saturn, 266 ; researches on the proper 
motions of the stars, 557. 

Mairan—Hypothesis of Saturn’s ring, 267. 
Maraldi I.—his researches on Jupiter’s satel¬ 
lites, 80; rejects the equation of light, 
81; discovers that the inclination of the 
second satellite is variable, id. ; deter¬ 
mines the time of rotation of Mars, 236 ; 
physical observations of the satellites of 
Jupiter, 248; observations of Saturn’s 
ring, 263. 

Maraldi II.—Researches on the motions of 
Jupiter’s satellites, 83; discovers that the 
inclination of the third satellite is variable, 
id. ; establishes the eccentricity of the 
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fourth satellite, ; first rejects and sub- 
seciuently admits the equation of light, €6.; 
remarks that the nodes of the fourth sa¬ 
tellite have a direct motion on the plane 
of Jupiter’s orbit, 85 j discover'S the libra- 
tory motion of the nodes of the second 
satellite,, 86 j investigates the inclination 
of the third satellite, zO. j determines the 
magnitudes of Jupiter’s satellites, 250. 

Mars-—various determinations of his mass, 
129 j spots on his surface, 235 j then' first 
discovery, they indicate a rotatory 

motion of the planet, 236; period of rota¬ 
tion determined, zb .; appearance of bright 
spots at the poles, 237; physical explana¬ 
tion of these phenomena, ■£&, 

Maskelyne^—Experiment of, to determine 
the attraction of Schehallien, 158; phe¬ 
nomena observed by him during the tran¬ 
sit of Venus in 1769, 429; appointed di¬ 
rector of dreenwich Observatory, 488. 

Maupertius—Explanation of the origin of 
Saturn’s ring, 267*; hypothesis respecting 
the variability of the light of stars, 541. 

Mayer—calculates lunar tablea,4 6; researches 
on the lib ration of the moon, 73 ; researches 
on refraction, 830; account of his labours 
in practical astronomy, 487; suggests the 
use o|lthe repeating dircle, 488; researches 
on’*lhe proper motions of the stars, 555. 

Mdcanique Celeste—publication of the, 108. 

Mercury—Eesearches of Le Terrier on the 
theory of, 125; various determinations of 
its mass, id.; difficulty experienced in 
making researches on its physical constitu¬ 
tion, 233; mountains upon its surface, zb .; 
is surrounded by an atmosphere of con¬ 
siderable extent, zb. ; is slightly spheroidal, 
•ib. ; its ellipticity determined by Dawes, zh. 

Mercury, transits of—Transit predicted by 
Kepler, 415 ; observed by Gassendi; ac¬ 
counts of various ti-ansits, 417; pheno¬ 
menon observed during the transit of 1753; 
physical appearances noticed durisig seve¬ 
ral other transits, 418. 

Meridian Circle—invented by Koemer, 461. 

Mersenne—suggests the principle of the re-r 
fleeting telescope, 527. 

Messier—Observations of Saturn’s ring, 264; 
remark on the discovery of Uranus, 277; 
observations of nebulm. 

Metius—proved to be one of the inventors 
of the telescope, 519. 

Michell—first points out the principle upon 
which the visibility of the stars mainly 
depends, 543; applies it to the determina¬ 
tion of the relative brightness of the stars, 
ib.-, estimate of the apparent diameter of 
Sirius, zb.-, adopts the hypothesis of a 
central sun, 568; views on the physical 
theory of double stars, 569. 

Micrometer—first invented by Gascoigne, 
460 ; contrivance devised by Huyghens, 
zb.-, Malvasia, zh.-, Auzout, %b.-, Hooke, 
461; Wren, ih. 


Milky Way-Early notions of the, 672 ; 
theory of ‘Wright, 673; researches of Sir 
W. Herschel, 675; method of gauging the 
heavens devised hy him, ; speculations 
on the breaking up of the, 676; researches 
of Struve on the physical structure of the, 
677; gauges of Sir J. Herschel in the 
southern hemisph« 3 re, zb. 

Moll—Communication relative to the inven¬ 
tion of the telescope, 518. 

Montanari—-first discovers that the star /S 
Persei is variable, 540. 

Moon—Newton’s researches on the theory of 
the, 36; motion of the apogee erroneously 
computed by him, 37 j researches of 
Euler, 44; Glairaut, 46; D’Alembert, 25 .; 
motion of the apogee reconciled with the 
theory of gravitation, 46; secular inequa¬ 
lity in the mean motion, discovered by 
Halley, 60; researches of Dun thorn on the 
subject,25.; fruitless attempts of geometers 
to account for it by the theory of gravita¬ 
tion, 61; finally traced to its origin by 
Laplace, 62; secular inequalities of the 
perigee and nodes, 64; perturbations de¬ 
pending on the spheroidal figure of the 
earth, 65; inequality in longitude involv¬ 
ing the solar parallax, 65 ; irregularities 
in the epoch discovered, 118; suspected 
to arise from some long inequality, 119; 
represented hy an empiric equation, zb .; 
researches on the lunar theory hy Damoi- 
seau, 119; researches of Plana and Carlini 
on the same subject, ih. ; Lubbock, 120; 
Poisson, 120; irregularities in the epoch 
accounted for hy Hansen, 121; mass de¬ 
termined by Newton, 122; determination 
of the same element by Laplace, 27>.; two 
nqw inequalities detected by Airy, 206; 
accounted for by Hansen, ib.-, charts of 
her surface constructed hy different per¬ 
sons, 229; existence of a lunar atmo¬ 
sphere, 230; controversy on the subject, 25. 

Moon, Libration of—Diurnal libration dis¬ 
co veredhy Galileo, 72; libmtion in longi¬ 
tude discovered, 25.; researches of Cassini, 
73; Mayer, zb.-, Lalande, 2*5.; physical 
libration pointed out by Newton, 74; re¬ 
searches of Lagrange, ?S.; Poisson, 142; 
Nicollet, 143. 

Motion of the Solar System in space—Ee- 
searches on the, 655-557. 

Mural Circle—first used at the Observatory 
of Greenwich, 491. 

Mural Quadrant—^invented by Tycho Brahe, 
445, 

Nehute— Early observations of, 563; obser¬ 
vations of Sir "W. Herschel, 564; nebular 
hypothesis, 667; observations of Dunlop, 
668; Sir John Herschel, 2*5.; Lord Eosse, 
669. 

Neptune—discovered hy Dr. Galle, 192; 
discordance between the observed and 
theoretical elements, 202 ; explanation of 
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tMs discordance, 203’; comparison of tte 
tlieoretical and observed places of the 
planet, ib,; observed by Lalan.de in 1790, 
204; pmarks on the character of its per¬ 
turbations, 205 j evaluations of its nnass, 
'id.; discovery of a satellite revolving 
around it, €6. 

Neptune, Satellite of—^^Jiscovered by Lassell, 
286; determination of its periodic time, 
287. 

Newton—his early notions of an attractive 
force, 21; attempts to compute the gravity 
of the moon to the earth, zb.; fails to 
obtain the true result, 22; resumes the 
subject on afuture occasion, id.; discovers 
the, law of attraction in an ellipse when 
the force tends to the focrxs, 23; resumes 
the consideration of the action of the earth 
upon the moon, 24; employs in his re¬ 
searches Picard’s measurement of an 
arc of the meridian, id. ; discovers the 
law of gravitation, 25; considers the 
mutual attraction of the particles of mat¬ 
ter, ib .; det^l^pwes the attraction of 
spherical bodJe^ ib.; establishes the 
principle of gravitation in. its utmost 
generality, 26 ; explains by its agency all 
the ^ grand phenomena of the celestial 
motions, -ib .; stimulated in his researches 
hy Halley, 27; publication of the Prin- 
cipia, 28; his intellectual character con¬ 
sidered, 33 ; his partiality towards the 
ancient geometry, 36; researches on the 
lunar theory, zb. ; imperfect computation of 
the motion of the lunar apogee, 37; re¬ 
searches on the figure of the earth, -id. ; de¬ 
monstrates the law of the variation of gra¬ 
vity in different latitudes, 38; investigates 
the problem of tbe precession of the ^equi¬ 
noxes,'£6.; compensaliesby his great sagacity 
for the imperfection of bis methods, 39; 
points out the solar nutation, 69 ; explains 
the libration of the moon in longitude, 
73 ; his researches on the physical theory 
of Jupiter’s satellites, 88; method for de¬ 
termining the orbit of a comet, 133; re¬ 
searches on the theory of the pendulum, 
162; surmise respecting the mean density 
of the earth, 160; opinion respecting the 
tails of comets, 809; researches on atmo¬ 
spheric refraction, 323; correspondence 
with Flamsteed on this subject, 324; in¬ 
vestigates tbe mathematical theory of re¬ 
fraction on various suppositions with re¬ 
spect to the constitution of the atmosphere, 
325, 326 ; researches on the diffraction of 
light, 845; invents the reflecting octant, 
482; executes the first reflecting telescope, 
527; researches on the dispersion of light, 
531; despairs of effecting any further im¬ 
provement in the construction of refract¬ 
ing telescopes, ib. 

Nicolai:—determines the value of Jupiter’s 
inasB,130; his opinion respecting the force 
of gravit^o^ 133. 


Nicollet—Hesearches on the libration of the 
moon, 143. 

Nutation—the effect depending on the action 
of the sun pointed out hy N.ewton, 69; 
lunar effect discovered by Bradley, 341; 
determinations of its maximum value, 342. 

Observatories—Observatory of Copenhagen 
established, 447; Paris, 467; Greenwich, 
459; Pulkowa, 503. 

Ocean—stability of the, demonstrated, 71; 
its influence on the motion of the earth’s 
axis, zb. 

Olhers—discovers Pallas, 239; Vesta, 241; 
his speculations respecting the origin of 
the ultra-zodiacal planets, 240. 

Parallax, Lunar—different determinations of 

• its value, 228 . 

Parallax, Solar—Laplace computes the value 
of the, by the theory of gravitation, 66; 
various determinations of its value, 211. 

Parallax of the Stars—»Tycho Brahe finds it 
to be insensible, 547; method proposed 
by G-alileo, ib.; observations of Plooke, 
548; Flamsteed, -ib.; Hoemer, zb.; re¬ 
searches of Brinkley, 550; liis results 
controverted by Pond, id. ; researches of 
Struve, id.; Bessel, 551; Henderson, id.; 
Peters, id. 

Pendulum—theory of the, 151; applied to 
determine the ellipticity of the earth, 153; 
imperfect reduction to a vacuum, 155; 
researches of Bessel on this subject,-tS.; 
Bany,156 ; applied to clocks by Huyghens, 

Peters—determines tbe maximum value of 
aberration, 340; researches on the parallax 
of the fixed stars, 653. 

Piazzi—discovers the planet Ceres, 238; 
executes a fundamental catalogue of stars, 
610; attempts to determine the parallax 
of the fixed stars, 549. 

Picard—determines the inclination of Saturn’s 
ring, 258; suspects that the temperature 
of the atmosphere exercises an influence 
upon the quantity of refraction, 323; one 
of the first astronomers wbo employed 
telescopic sights, 458; method of cor¬ 
responding altitudes, 469; finds the paral¬ 
lax of os Lyras to be insensible, 548. 

Pierce—calculates the perturbations of Nep¬ 
tune, 205; researches on the comet of 
1843, 292. 

Plana—Besearches on the lunar theory, 
119; researches on the long inequality of 
Jupiter and Saturn, 130; determination 
of tbe lunar parallax, 228. 

Planetary System—Secular variations of 
the planetary elements, 61; researches of 
Euler on the subject, id. : Lagrange, 52 ; 
Laplace, id. ; invariability of the mean 
distances demonstrated by Lagrange, zb^; 
theorems of Laplace relative to tbe sta¬ 
bility of the eccentricities ?ind the inclina- 
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tions, 56; Poisson’s resoarelies on the 
variation of the mean distance, 109; 
theory of the variation of elements, 110; 
researches on the secular variations of the 
inclinations, 116- 

Planets, Ultra-zodiacal-—researches on their 
perturbations, 133; circumstances con¬ 
nected vrith their discovery, 288 ; dis¬ 
covery of Ceres, 239; Pallas, ; Juno, 
24.0 ; Yesta, 241; speculations of Olhefs 
ou their origin, 240; researches of La¬ 
grange on the subject, 241; discovery of 
Astrea, 242; Hebe, ifi-; Iris, 243 ; PLora, 
ih.; Metis, ■£6.; B[ygeia,z&. (See A;p 2 ^cndia::.) 
Plantamonr—Hesearches on Biela’s comet, 
136. 

Plateair—Researches on the irradiation of 
light, 355. 

Plutarch—Statement respecting the luminous 
ring seen during total eclipses of the sun, 

87r. 

Pond—succeeds Maskelyne at the Obser¬ 
vatory of Greenwich, 491; introduces the 
practice of observing 'with two mural 
circles, 493; controversy with Brinkley 
on the parallax of the fixed stars, 550. 
Pontecoulaiit-—calculates the perturbations 
of Halley’s comet, 137. 

Poisson-—his researches on the variations of 
the* meair distances of the planets, 109; 
developes the method of the variation of 
arbitrary constants, 112 ; researches on the 
lunar theory, 120; investigates the phy¬ 
sical libration of the moon, 142 ; researches 
on the motion of the earth’s axis, 160. 
Pound—calculates ecliptic tables in time of 
the first satellite of Jixpiter, 81; measures 
the dimensions of Saturn’s ring, 260. 
Powell—Researches on the irradiation of 
light, 356 ; explanation of the luminous 
ring seen during total eclipses of the 
sun, 387 ; theory of the beads and 
threads observed during annular eclipses, 
411; explanation of a phenomenon seen 
during the transit of Mercury, 418. 
Precession of the Equinoxes—Researches on 
its quantitative value, 318 ; erroneous de¬ 
termination of the annual value by Pto¬ 
lemy, ih .; conclusion hence deduced, 'ih.; 
its qxrantity determined by the Arabian 
astronomers, 319; modern evaluations, 
ih .; researches of Bessel, 320; Otto 
Struve, ih. 

Prime Yertical Telescope—first employed 
by Roemer, 464. 

Principia—Publication of the, 28 ; synopsis 
of its contents, 32, 

Problem of Three Bodies—Solutions of the, 
obtained by various geometers, 44, 47. 
Ptolemy—-estimates the value of the solar 
parallax, 211; his erroneous evaluation 
of the quantity of precession, 318first 
points out the effects of atmospheric re¬ 
fraction, 321 ; describes the instruments 
used by the dreek astronomers, 436. 


Reflecting Octant—firstinventedby Hewton, 
482; reinvented by Hadley and Godfrey, 
z7j. 

Refraction, atmospheric—-its influence on 
the apparent position of a celestial body 
first recognised by Ptolemy, 321; first 
applied as a uranographical correction by 
Tycho BrahS, ih.; table calculated by 
Kepler, •£6. ; law of refraction discovered 
by Snell, ih. ; researches of Cassini, ih. ; 
infiaence of temperature remarked by 
Picard, 323 ; researches of NTewton, ; 
mathematical theory of^ investigated hy 
Taylor, 327; researches of Boiiguer, 328; 
Simpson, ih. ; influence of the pressure of 
the atmosphere pointed out by Halley, 
329; researches of Bradley, zh. ; Mayer, 
330; Lacaille, ih.; improvements in the 
theory of, effected by Kramp, ih. ; re¬ 
searches of Laplace, 331; Brinkley, 332 ; 
Ivory, 333; researches of modern astro¬ 
nomers on the subject, 335; Bessel, ih. 

Repeating Circle—principle of the, sug¬ 
gested by Mayer, 488.^ 

Right Ascension of a Star-—how detei'- 
mined by Tycho Brahe, 443; method of 
Flamsteed for effecting the same object, 
472. 

Robinson—Researches on the Irradiation of 
Light, 353. 

Roemer—invents the transit instrument, 
461 ; perceives the supex'ior advantages of 
instruments composed of complete circles, 
463; invents the meridian circle, ih. ; 
prime vertical telescope, 464; methods of 
adjustment practised Ixy him, 464; con¬ 
structs an altitude and aziixinth circle, 
465; eqxxatoi’ial instrument, 466; at¬ 
tempts to determine the pai*allax of the 
fixexl stars, 548. 

Rosse, Earl of—attains unrivalled excellence 
in the construction of reflecting telescopes, 
536 ; observations of nebulse, 569. 

Runxker—observes the comet of ISixcke at 
Paramatta, 134; catalogue of stars, 512. 

Saturn—^long inequality of, 47"; accounted 
for hy Laplace upon the principles of the 
theory of gravitation, 59; determination 
of its mass hy Hewton, 131; modern 
evaluations of the same element, ih.; 
bands on his disk discovered, 251; they 
indicate a rotatory motion, ih. ; time of 
rotation determined, ih.; discovered to be 
spheroidal, 262; value of the ellipticity 
deteimined, ih.; irregularity in the figure 
of, suspected by Herschel, ih.; figure de¬ 
monstrated hy Bessel to be truly elliptical, 
253; surrounded hy an atmosphere, ih.; 
appearances observed about the polar re¬ 
gions of, 254- 

Satixrn, Rings of—their condition of equi¬ 
librium investigated by Laplace, 76; 
early observations of Galileo, 254; im¬ 
perfect attempts to ascertain its real 
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nature, 255; annular form eataWished by 
Huyghens, ih.', its position, determined, 
258; discovered to te double, 259; sus¬ 
picion of many divisions on the, 260; 
its magnitude determined, ih. ; its thick¬ 
ness inconsiderable, 261; discovery of 
its rotatory motion, 262; time of rota¬ 
tion determined, ib .; physical observa¬ 
tions of the ring, 263; not bounded by 
parallel planes, 264; encompassed hy an 
atmosphere, « 5 .; visibility of the unen¬ 
lightened side, 265; hypothesis of the 
physical origin of the, 26T. {SeeAp^endix^ 
Saftiin, Satellites of—Hesearches of IBessel, 
142; satellites discovered by Huyghens, 
267; discovery of four satellites hy 
Cassini, 268, 269; discovery of two new 
satellites by Herschel; an eighth satellite 
discovered simultaneously by Lassell and 
Bond, 271; variable brightness of the 
fifth satellite, ib.‘, conclnsion hence de¬ 
duced, 272. 

Scheiner—observes the solar spots, 214; 
controversy with Gl-alileo respecting their 
real nature, 214; first remarked that the 
nucleus and penumbi’se are separated 
by a well-defined boundary, ih.; deter¬ 
mines the time of the sun’s i-otation, ib .; 
employs coloured glass in observations of 
the sun, 228; constructs charts of the 
moon’s surface, 229; first who executed a 
refracting telescope, 525. 

Schroeter—discovers a twilight in the moon, 
2S3;his researches on the physical consti¬ 
tution of Mercury, 233; determines the 
time of rotation of Yenus, 234; maintains 
that high mountains exist on the surface 
of "Venus, 235; discovers that Venus is 
surrounded by an atmosphere, ih. ; deter¬ 
mines the magnitude of Jupiter’s satel¬ 
lites, 250; observations of Saturn’s ring, 
262. 

Simpson—computes the motion of the lunar 
apogee, 46; researches on the theory of 
refraction, 328. 

Solar Spots—observed by several persons, 
213; their motions on the sun’s disk, 
215; conclusion hence derived, ib.; de¬ 
tailed description of their appearance, 217; 
relative quantities of light emitted by the 
different parts of which they are com¬ 
posed, zb. ; their mode of formation, zb.; 
some are destitute of penunihrse, zb. ; pe- 
numbrse without a nucleus, ; great 
ma^itude of the spots, 218; rapid changes 
which they undergo, zb. ; constantly ob¬ 
served near the solar equator, ib.; solar 
faculae, ib. ; first seen by Galileo, zb. ; 
their immense extent, 219; they are gene¬ 
rally brightest on the sun’s limb, zb.; 
their invariable appearance in the region 
of the spots, ib, ; discovery of Inculi, zb. ; 
seen over the entire disk of the sun, zb.; 
various explanations of the real nature of 
the spots, ib.; Scheiner, 5 La Hire, zb. ; 


Lerham, 220 ; theory of Dr. "Wile 
objections urged against it, 221 ; 
of Bode, zb.; Sir W. Herschel, 2 
J. Herschel, 225; how observed by 
astronomers, 227. 

Snell—discovers the law of refractioi 

South—Observations of double stars 

Stars — Immense multitude of the 
stars which have disappeared fr 
heavens, -ib,; new stars, 539; ' 
stars, 540; researches on the 
brightness of the stars, 642; pi 
upon which their visibility depend 
vmious attempts to determine tl 
parent diameters, 544 ; researches 
parallax, 646; their proper moti 
covered, 553. 

Stars, Double—early observations o 
observations of Sir William H 
559 ; speculations of Michell on the 
of; zb.; remark of Dr. Hornsby, zbi 
sical theory of, first established uj 
servation by Sir William Hersche 
recent researches of astronomers 
subject, 560—663. 

Struve, F. W. G.—Determines the 
tudes of Jupiter’s satellites, 250; 
the dimensions of Saturn’s ring 
discovers the ring to be eccentri' 
determines the maximum value c 
ration, 340; appointed director 
Observatory of Pulkowa, 505; res 
on the parallax of the fixed star 
determines the parallax of « Lyrs 
observations of double stars, 56 
searches on the physical constitu 
the Milky Way, 577; speculation 
extinction of light in its passage 1 
space, 678. 

Struve, Otto—Researches on the ] 
Neptuue, 287 ; investigates the q 
and laws of precession, 320; i-os 
on the motion of the solar st'stein 1 
556. 

Taylor, Brooke—investigates the m£ 
tical theory of refraction, 327. 

Telescope—early notions of, 515; 
ib.; Digges, 516; Battista Porta, < 
Dominis, zb.; first executed in H 
617; various accounts of its orig 
researches of Van Swinden on the ; 
618 ; Galileo constructs a telescop 
his mode of ascertaining the mag 
power, 521; he was not an indej 
inventor, 622 ; remarks upon the 
telescopes, 523 ; telescopes introdut 
England, 524; refracting telesct 
plained hy Kepler, 525; first execi 
Scheiner, ib.; first employed ir 
nomical observations by Gascoign 
improvements in its constructic 
Huy^ghens, zb.; Campani, 526; ^ 
ib.; reflecting telescope, ib.; fir; 
cuted by Hewton, 527 ; improven 



its construction, 529; views of Newton, 
on chromatic aberration, 631; he pro¬ 
nounces any further improvement of the 
refracting telescope to be desperate, ; 
researches of Dollond on. the dispersion of 
light, ih.; constructs achromatic telescopes, 
532; instruments of this description pre¬ 
viously executed by MCore, 533 ; reflecting 
telescopes of Herschel, ; improve¬ 
ments in the construction of refracting 
telescopes, 536; Q-uinand, ib.; Frauen- 
hofer, ib.; Beflecting telescopes, 536; 
Lord Rosae, ib. 

Telescopic Sights—first employed by Glas- 
coigne, 464. 

Tides—shewn by Newton to be a necessary 
consequence of the principle of gravita¬ 
tion, 26; researches of Euler, 71; Mac- 
laiirin, ih.; Bernouilli, ; Laplace, ib.; 
researches of Whewell, 162. 

Transit Instrument—^invented by Roemer, 
461. 

Transit Observations—recorded in America 
by means of electro-magnetism, 606. 

Transversals, Method of—invented, 442. 

Uranus—early observations of, 164; tables 
calculated by Lelambre, 165; irregula¬ 
rities in the longitude of the planet, ih.; 
tables of Bouvard, ih.; impossibility of 
reconciling the modern with the ancient 
observations, ih.; the existence of an 
exterior planet suspected, ih. ; radius 
vector shewn to be erroneous, 167; the 
irregularities attract the attention of Bes¬ 
sel, ih,\ I’esearches of Adams on the same 
subject, 168; inverse problem of pertur¬ 
bation, 169 ; results obtained by Adams, 
173; new tables calculated by Eugene 
Bouvard, 174 ; they fail to account for 
the irrcgiilarities of the planet, 175; 
theory of the planet investigated by Le 
Verrier, 176; the results obtained by 
him are found to be incompatible with 
the observations of the planet, 177; the 
researches of Le Verrier on the hypothesis 
of a disturbing planet, 178 ; first results 
■ which he obtained, 183 ; search for the 
new planet undertaken by Prof. Ohallis, 
185; second investigation of Le Verrier, 
187; final resxilts obtained by him, 18S; 
they are transmitted to the astronomers 
of Berlin, 191; discovery of the exterior 
planet by Lr. Galle, 192; account of 
Prof. Challis’ search for the planet, ib.; 
his observations had effectually secured 
it, 193; i-eflections on the comparative 
merits of the two geometers who assigned 
the position of the exterior planet, 197; 
discovered by Herschel, 272; first sup¬ 


posed to he a comet, 273; difficulties 
experienced in determining its orbit, 
discovered to be a planet, 274 ; its appa¬ 
rent diameter measured, 275; elements 
of its orbit determined, 277; suspected 
to be spheroidal, i6.; determination of its 
ellipticity by Msidler, 278; suspected to 
be encompassed by a ring, ih, 

Uranus, Satellites of-—Discovery of two 
satellites by Herschel, 279; the elements 
of their orbits determined, 280; orbits 
found to be almost perpendicular to ihe 
ecliptic, 282; their motion fourfd to be 
retrograde, ih. ; discovery of four ad¬ 
ditional satellites, ib.; physical observa¬ 
tions of the, 284; researches of Sir John 
Herschel, 285; Lamont, ih, ; observations 
of Lassell, 286; Otto Struve, ih. {JSee 
Aj^pendix.) 

Valz—Speculations of, on the identity of 
the comets of Lexell and Faye, 139 ; 
suspects the existence of a planet beyond 
Uranus, 166. 

Variation of Elements—Method of the, in¬ 
vented by Euler, 49. 

Venus—Perturbations off investigated by 
Laplace, 126 ; long inequality discovered 
by Airy, 127; mass of determined by 
various enquirers, ih.; her phases dis¬ 
covered by Q-alileo, 233; her rotation 
round a fixed axis discovered, 234 ; vari¬ 
ous determinations of the time of rota¬ 
tion, 234, 235; mountairLS on her surface, 
ifj.; atmosphere surrounding her, ih. 

Venus, Transits of—Transit predicted by 
Kepler, 415; transit of, 1639, observed 
by Horroclcs and Crabtree, 421; physical 
appearances noticed during the transits of 
1761 and 1769, 429. 

Vernier—Invention of the, 446. 

Wallis—prepares the writings of Horrocks 
for publication, 423; suggests a method 
for determining the parallax of the fixed 
stars, 648. 

Wargentin—his researches on the motions 
of Jupiter’s satellites, 83; observes the 
lunar eclipse of 1761, 413, 

Whewell—Researches on the tides, 162- 

Wilson, Dr.-—his theory of the solar spots,2 20. 

Wollaston—-experimental researches on the 
light of the stars, 547. 

Wright—^adopts the hypothesis of a centgal 
sun, 558; theory of the Milky Way, 573. 

Wrottesley—executes a catalogue of stars, 
513. 

Zach, De—calculates tables of aberration and 
nutation, 343. 
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Tiy line 2 from top, /or Perdinand, read Frederick. 

20, line 34 from top,/or into, read in. 

51, line 43 from top,/or has read have. 

70, line 21 from top,/or that, read twice that. 

70, line 9 from bottom,/or 10'', read 18". 

81, line 1 from bottom, after Sciences read 1707. 

81, line 9 from bottom,/or Pond, read Pound; read also similarly pp. 84, 130. 

82, line 4 from top. Pradley’s tables of Jupiter’s satellites, although not published 
till 1749, were printed off in 1719. His discovery of aberration did not occur 
till a few years afterwards. This circumstance accounts for the erroneous value 
which he assigned to the eq^uation of light in his tables. 

119, line 20 from top,/or third, read first. 

122 , line 9 from bottom, /or September read June. 

150, line 2 from bottom,/or 62® read 52®. 

172, line 34 from top,/or 1846 read 1845. 

188, line 6 from bottom,/or read §^ 5 . 

197, line 1 from top,/or 1850 read 1851. 

212, line 13 from top. The utility of the transits of the inferior planets for deter¬ 
mining the solar parallax was first announced by James Gregory, (p. 428.) 
Halley merely pointed out the peculiar advantages which the transits of Venus 
offered for this purpose, 

217 lines 4 and 5 from top,/or pole read axis. 

253, line 17 from top,/or read-^. 

415, line 1 from top,/or Vitellioneni read Vitellion. 

512, line 27 from top. The stars of M. E-timker’s great catalogue have been 
observed at Hamburgh: they are conseq[uentIy visible in the northern hemis¬ 
phere. 

542, line 3 from bottom,/or 1.6 read 1.2. 

543, line 2 from top, /or 2.014, which is equal to 1.6 4“ ^14, read 1.614, which 

is equal to 1.2 414. 
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